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INTRODUCTION 


This  report  describes  our  investigation  of  the  effects  of  two  molecules  on  prostate-cancer  (CaP) 
bone  metastases:  Cathepsin  K  (CatK),  an  enzyme  implicated  in  degradation  of  bone  leading  to 
establishment  and/or  growth  of  the  metastases,  and  zoledronic  acid  (ZA),  a  new-generation 
bisphophonate  that  is  a  strong  inhibitor  of  osteolysis.  Our  first  hypothesis  holds  that  CatK 
expressed  by  CaP  is  involved  in  bone  extracellular  matrix  degradation,  and  that  this  degradation 
promotes  tumor  establishment  and  growth.  The  work  performed  under  this  task  has  been  directed 
toward  testing  of  this  hypothesis  in  vitro.  At  this  point  we  have  sound  evidence  regarding  the 
involvement  of  CatK  in  CaP  (especially  with  regard  to  degradation  of  collagen  I,  a  component  of 
bone  extracellular  matrix)  and  a  paper  has  been  published  in  J.  Bone  Min  Resx  (attached). 
However  we  have  not  succeeded  in  abolishing  the  CatK  message  in  CaP  cells,  and  as  a  result  the 
in  vivo  studies  have  not  been  performed.  Our  second  hypothesis  holds  that  bisphophonates  such 
as  ZA  act  to  slow  or  reverse  the  effects  of  CaP  not  only  by  inhibiting  lysis  of  bone  (an  effect 
likely  to  be  mediated  largely  by  osteoclasts,  although  CaP  cells  may  be  involved  as  well).  We 
have  been  able  to  demonstrate  direct  effects  of  ZA  in  vitro,  including  stimulation  of  apoptosis  of 
CaP  cells.  Our  in  vivo  results  in  osteoblastic  and  osteolytic  models  also  showed  decreased  tumor 
growth  upon  ZA  administration.  These  results  are  described  in  our  publication  in  Clin  Cancer 
Res 2  (attached).  We  have  also  performed  experiments  in  a  mixed  (osteoblastic/osteolytic)  C4-2 
CaP  model,  where  the  results  are  inconsistent,  depending  on  analysis.  Finally,  we  have  begun 
studies  to  determine  whether  ZA  affects  establishment  and  growth  of  bone  and  soft  tissue 
metastases. 

Background 

Bone  is  a  very  common  site  of  prostate  cancer  (CaP)  metastases  3’4,  and  bone  metastases  are 
responsible  for  most  of  the  morbidity  associated  with  this  disease.  In  contrast  to  bone  metastases 
of  breast  cancer  and  myeloma,  which  are  mainly  osteolytic,  a  high  percentage  of  CaP  metastases 
exhibit  the  radiographic  appearance  of  osteoblastic  lesions5.  Histomorphometric  studies  of  CaP 
bone  metastases  have  shown  that  some  of  the  sclerotic  lesions  are  actually  mixed  in  nature,  with 
increased  activities  of  both  osteoblasts  and  osteoclasts6,7.  Roland  has  introduced  the  hypothesis 
that  every  primary  or  metastatic  cancer  in  bone  begins  with  osteolysis8.  A  number  of  studies 
have  shown  that  patients  with  advanced  CaP  exhibit  elevated  levels  of  osteolytic  bone  resorption 
markers  in  urine  and  blood9,10.  The  preponderance  of  evidence  indicates  that  osteolysis  is  present 
in  CaP  bone  metastasis  even  when  the  overall  character  appears  to  be  osteoblastic.  It  follows  that 
the  use  of  compounds  inhibiting  osteolysis  could  be  beneficial  to  patients  with  advanced  CaP. 
Zoledronic  acid  (ZA)  is  a  new-generation  BP  with  a  side  chain  containing  an  imidazole  ring,  and 
is  one  of  the  most  potent  BPs  11,12.  Berenson  et  al.  reported  reduction  of  rates  of  skeletal  events 
in  metastatic  patients  by  ZA13.  Recently  it  has  been  published  that  ZA  had  beneficial  effects 
when  used  to  treat  patients  with  advanced  prostate  cancer. 

Various  studies  suggest  that  cysteine  proteases  participate  in  bone  degradation  14  18.  CatK,  a 
cysteine  protease  expressed  by  osteoclasts,  appears  to  be  essential  for  osteoclast-mediated 
collagen  degradation  19.  Active  CatK  was  detected  in  osteoclasts  close  to  the  bone  surface,  in 
contrast  to  osteoclasts  further  from  the  surface  20,  again  suggesting  that  CatK  is  an  important 
player  in  bone  lysis.  It  has  also  been  shown  that  CatK  is  expressed  in  several  other  normal  cell 
types  21,22,  and  in  breast  cancer,  but  the  expression  was  lower  that  in  osteoclasts  23.  Tumor  cells 
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were  frequently  found  adjacent  to  resorbed  bone  margins  without  evidence  of  resorbing 
osteoclast  24'26,  and  there  is  some  evidence  that  breast  cancer  cells  directly  resorb  bone  25,27,2  . 
We  and  others  have  detected  CatK  messages  in  normal  prostate,  and  we  have  extended  these 
findings  to  detection  of  the  CatK  message  in  CaP  tissues  and  in  all  CaP  cancer  cell  lines.  In  a 
preliminary  study,  Brawer  et  al.  showed  that  the  N-telopeptide  of  collagen  29,3°,  a  CatK- 
generated  cleavage  product,  is  present  in  urine  of  CaP  patients  with  bone  metastases.  These  data 
confirm  that  osteolytic  activity  attributable  to  CatK  takes  place  in  CaP  bone  metastases. 

HYPOTHESES 

We  have  two  primary  hypotheses: 

1.  We  hypothesize  that  CatK,  expressed  by  CaP  cells,  promotes  bone  resorption,  thereby 
enabling  the  establishment  and  growth  of  CaP  cells  in  the  bone  environment.  The 
mechanisms  of  action  of  CatK  in  this  system  will  be  shown  to  involve  both  osteoclast-like 
pitting  of  bone  and  proteolytic  release  of  growth  factors  present  in  bone  ECM. 

2.  We  hypothesize  that  BP,  in  addition  to  their  effects  on  bone  cells,  affect  CaP  cells  directly 
via  apoptosis  and  inhibition  of  invasiveness  and  migration,  and  thus  inhibit  establishment  of 
CaP  cells  in  the  bone  environment. 

STATEMENT  OF  WORK 

Task  1.  Examination  of  the  Role  of  Cathepsin  K  Expressed  by  LNCaP  and  PC-3  Cells  in 
Collagen  Degradation  and  Attachment  of  CaP  Cells  to  Bone  in  an  in  vitro  Model 
Using  Osteogenic  Disks  (0-24  months). 

•  Examination  of  collagen  degradation  by  CaP  cells.  Co-culture  experiments  to  study 
effects  of  CaP  cells  on  osteoclast  degradation  of  collagen  (months  0-8). 

•  Immunohistochemical  determination  of  presence  of  pro-form  and  mature  Cathepsin  K  in 
prostate  cells,  and  biochemical  determination  of  Cathepsin  K  activity  in  these  cells 
(months  0-12). 

•  Determination  of  the  pitting  activity  of  CaP  cells  alone  or  in  combination  with  osteoclasts 
on  osteogenic  disks  (months  6-12). 

•  Transfection  of  CaP  cells  expressing  Cathepsin  K  with  anti-Cathepsin  K  ribozyme  to 
abolish  expression  of  the  protein  (months  6-18). 

•  Characterization  of  transfected  cells  in  in  vitro  setting  (proliferation,  migration, 
invasiveness,  collagen  degradation,  and  pitting  activity  on  osteogenic  disks  (months  18- 
24)). 

Tasks  2.  Determination  as  to  whether  Bisphosphonates  (BP)  Affect  CaP  Cells  Directly  (0- 
18  months). 

•  Determination  of  effects  of  BP  on  proliferation,  migration,  and  invasiveness  of  CaP  cells 
(months  0-12). 

•  Determination  of  effects  of  BP  on  apoptosis  of  CaP  cells  (months  0-12). 

•  Determination  of  effects  of  BP  on  collagen  degradation  and/or  pitting  activity  of  CaP 
cells  (months  12-18). 


5 


Task  3.  Examination  of  Roles  of  Cathepsln  K  and  BP  on  CaP  Metastasis  in  in  vivo 
Models  (18-36  months). 

•  Determination  of  in  vivo  effects  of  CaP  cells  transfected  with  anti-Cathepsin  K  ribozyme 
when  injected  into  tibia  (months  24-36). 

•  Determination  of  effects  of  BP  on  LNCaP,  LuCaP  23,  and  PC-3  CaP  xenografts  growth 
in  tibia  (months  18-36). 

•  Determination  of  effects  of  BP  on  seeding  of  PC-3  following  cardiac  injection  (months 
24-36). 


BODY 

Task  1.  Examination  of  the  Role  of  Cathepsin  K  Expressed  by  LNCaP  and  PC-3  Cells  in 
Collagen  Degradation  and  Attachment  of  CaP  Cells  to  Bone  in  an  in  vitro  Model  Using 
Osteogenic  Disks. 

•  Examination  of  collagen  degradation  by  CaP  cells.  Co-culture  experiments  to  study 
effects  of  CaP  cells  on  osteoclast  degradation  of  collagen  (months  0-8). 

•  Immunohistochemical  determination  of  presence  of  pro-form  and  mature  Cathepsin 
K  in  prostate  cells,  and  biochemical  determination  of  Cathepsin  K  activity  in  these 
cells  (months  0-12). 

•  Determination  of  the  pitting  activity  of  CaP  cells  alone  or  in  combination  with 
osteoclasts  on  osteogenic  disks  (months  6-12). 

These  tasks  were  completed  during  years  01  and  02  of  this  award.  Results  were  published  in 
Journal  of  Bone  and  Mineral  Research  2003  1  (attached).  We  were  unable  to  detect  any  pitting 
activity  of  dentine  wafers  associated  with  CaP  cells.  We  then  hypothesized  that  bone  resorption 
requires  the  low  pH  produced  by  osteoclasts  in  lacunae  in  which  protons  and  proteases  are  both 
secreted.  Therefore,  we  evaluated  further  whether  CaP-expressed  CatK  can  resorb  non- 
mineralized  bone  extracellular  matrix,  in  particular  type  I  collagen.  Using  radiolabelled  collagen 
I,  we  detected  release  of  collagen  fragments  using  CaP  cells,  as  well  as  osteoclasts  (see  Figure  5 
of  reference  (1),  attached).  We  have  also  shown  that  levels  of  collagen-degradation  product  NT, 
generated  by  CatK  cleavage,  are  increased  in  sera  of  patients  with  bone  metastases  (see  Figure  6 
of  reference  (1),  attached).  Augmented  NTx  levels  are  generally  associated  with  increased 
osteoclastic  bone  resorption  activity  due  to  CatK  expressed  by  these  cells,  yet  we  observed 
osteoclasts  in  only  3/14  samples  of  advanced  CaP  bone  metastases.  Although  we  sample  20  bone 
sites  per  patient,  it  is  possible  that  we  missed  areas  with  extensive  bone  resorption  and 
osteoclasts.  Alternatively,  the  increased  NTx  levels  may  in  part  be  due  to  the  breakdown  of  type 
I  collagen  by  cells  other  than  osteoclasts,  such  as  the  CaP  cells  expressing  CatK.  While  these 
data  do  not  demonstrate  a  direct  role  of  CaP-expressed  CatK  in  matrix  degradation,  they  support 
the  hypothesis  that  CaP-expressed  CatK  is  involved  in  collagen  degradation.  Detailed  results  are 
presented  in  the  attached  manuscript.  In  the  same  publication  we  have  also  presented  data  on 
detection  of  CatK  messages  and  protein  in  human  samples  (Table  1  and  Figures  2  and  3  of1). 
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•  Transfection  of  CaP  cells  expressing  CatK  with  anti-Cathepsin  K  ribozyme  to  abolish 
expression  of  the  protein. 


During  year  01  and  02  we  devoted  large  efforts  to  generate  anti-CatK  ribozyme.  Unfortunately, 
as  reported  last  year  we  did  not  succeed  in  constructing  a  ribozyme  capable  of  abolishing 
expression  of  CatK  in  CaP  cells.  Based  on  the  recommendation  of  reviewers  of  the  second  year 
report  and  new  literature  reports,  we  have  decided  to  use  siRNA  technology  to  abolish  CatK 
expression  in  CaP  cells.  It  has  been  established  that  short  (under  30nt)  strands  of  dsRNA  will  act 
to  silence  target  gene  sequences  in  mammalian  models  using  an  enzyme  complex  called  the 
RISC  Complex.  Although  the  RISC  Complex  has  escaped  definition  thus  far,  the  reaction  it 
produces  has  been  adapted  for  a  variety  of  research  uses.  siRNA  have  been  shown  to  silence 
genes  in  all  types  of  biological  models  including  human  biology.  We  have  used  an  siRNA- 
specific  primer  design  tool  (www.Ambion.com)  to  select  sequences  for  anti-CatK  siRNA.  We 
chose  4  target  sequences  positioned  throughout  the  CatK  open  reading  frame  sequence  (see 
Table  1).  siRNAs  were  synthesized  using  Ambion’s  Silencer  siRNA: 


Position _ of 

NML000396 

231 

389 

490 

584 


Sense  Strand 

5'-  AACATCCACCTTGTTGTTATACCTGTCTC  -3' 
5'-  A  AT  ACTTT G  AGTCC  AGT  C  ATCCCT  GTCTC  -3’ 
5'-  AAGGAGTAACATATCCTTTCTCCTGTCTC  -3' 
5'-  AATAAGAGTTTGCCAGTTTTCCCTGTCTC  -3' 


Antisense  Strand 

5’-  AATATAACAACAAGGTGGATGCCTGTCTC  -3' 
5'-  AAGATGACTGGACTCAAAGTACCTGTCTC  -3’ 
5'-  A  A  AG  A  A  AG  GAT  AT  GTT  ACTCCCCTGTCTC  -3' 
5'-  A  AG  A  A  A  ACT  G  GCA  A  ACT CTT ACCT  GTCTC  -3’ 


Transfection  experiments  were  performed  with  C4-2B  cells.  We  tested  two  different  transfection 
agents  (Lipofectamine  and  xx),  two  different  concentrtations  of  siRNA  (10  and  25  ng),  and  two 
time  points  after  transfection  (24  and  48  hours).  Evaluation  of  the  results  of  the  transfection  was 
performed  using  real-time  PCR  and  measuring  enzymatic  activity.  For  real-time  PCR  we 
selected  two  sets  of  primers  which  were  located  in  CatK  open-reading  frame  and  followed  the 
recommendations  of  Ambion  (Table  2). _ _ 


Gene 

Left 

Right 

Annealing 
temp  for  PCR 

CTSK  (primer  set  1) 

5'-AGA  AGA  CCC  ACA  GGA  AGC  AA-3' 

5'-GCT  AAA  AGC  CCA  ACA  GGA  AC-3' 

65c 

CTSK  (primer  set  2) 

5'-AAG  GGA  AAC  AAG  CAC  TGG  ATA  A-3' 

5'-CTT  CAA  AAA  TAG  CAC  ACC  AAC  TCC-3' 

69c 

Real-time  analysis  was  performed  using  the  GeNorm  standard  normalizing  calculation  method 
described  by  Vandesompele  et.  al.  31.  We  have  evaluated  expression  of  five  “housekeeping 


genes”  (Table  3), 


Housekeeping 

Gene 

Left 

Right 

Optimum 
PCR  temp 

PSMB6 

5'-GGG  TAT  GAT  GGT  AAG  GCA  GTC  C-3' 

5'-  AGG  ATT  CAG  GCG  GGT  GGT  AAA  GT  -3' 

69 

GAPDH  2 

5'-TGC  ACC  ACC  AAC  TGC  TTA  GC-3' 

5'-  GGC  ATG  GAC  TGT  GGT  CAT  GAG  -3' 

65 

5'-TGC  AAC  GGC  GGA  AGA  AAA  C-3' 

5'-  GGC  TCC  GAT  GGT  GAA  GCC  -3' 

65 

HPRT 

5'-TGA  CAC  TGG  CAA  AAC  AAT  GCA-3' 

5'-  GGT  CCT  TTT  CAC  CAG  CAA  GCT  -3' 

65 

EGP 

5-GCT  GGA  ATT  GTT  GTG  CTG  GTT  ATT TC-3' 

5'-TGT  GTC  CAT  TTG  CTA  TTT  CCC  TTC  TTC-3’ 

69 

Proteasome  subunit  beta  type  6  (PSMB6)  and  Glyceraldehyde  3-phosphate  dehydrogenase 
(GAPDH)  were  the  two  most  stably  represented  genes  and  were  chosen  to  normalize  the  CatK 
real-time  PCR  results. 
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Unfortunately,  none  of  the  siRNA  sequences,  under  any  conditions  tested,  resulted  in  reduced 
expression  of  CatK. 

Tasks  2.  Determination  as  to  whether  Bisphosphonates  (BP)  affect  CaP  Cells  directly  (0- 
18  months). 

•  Determination  of  effects  of  BP  on  proliferation,  migration,  and  invasiveness  of  CaP  cells 
(months  0-12). 

•  Determination  of  effects  of  BP  on  apoptosis  of  CaP  cells  (months  0-12). 

•  Determination  of  effects  of  BP  on  collagen  degradation  and/or  pitting  activity  of  CaP 
cells  (months  12-18). 

Experiments  under  this  Task  have  been  completed  in  year  02  and  were  described  in  detail  in  the 
year  01  and  02  reports.  They  were  also  published  in  Clinl  Cancer  Res22  (see  attached  reprint). 

Task  3.  Examination  of  Roles  of  Cathepsin  K  and  BP  on  CaP  Metastasis  in  Vivo  Models 
(months  18-36). 

•  Determination  of  in  vivo  effects  of  CaP  cells  transfected  with  anti-Cathepsin  K 
ribozyme  when  injected  into  tibia  (months  24-36). 

We  were  not  able  to  perform  these  experiments,  since  we  did  not  succeed  in  abolishing  CatK 
expression  in  CaP  cells.  We  are  now  trying  to  contact  Novartis,  since  they  now  possess  a 
specific  anti-CatK  inhibitor. 

•  Determination  of  effects  of  BP  on  LNCaP,  LuCaP  23,  and  PC-3  CaP  xenograft 
growth  in  tibia  (months  18-36). 

In  the  year  02  progress  report  we  provided  details  on  effects  of  ZA  on  PC-3  bone  metastasis  (PC- 
3  cells  are  responsive  to  ZA  in  vitro  and  yield  lytic  bone  metastases),  and  LuCaP  23.1  bone 
metastasis  (LucaP  23.1  cells  do  not  grow  in  vitro  but  give  rise  to  osteoblastic  bone  metastases 33). 
These  studies  have  been  published  2  (reprint  is  attached).  In  year  02  and  03  we  have  extended 
these  studies  to  evaluation  of  the  effects  of  ZA  on  C4-2  bone  metastasis.  C4-2  is  a  subline  of 
LNCaP  which  exhibits  a  100%  take  rate  in  tibia  and  more  consistent  growth  characteristics  than 
the  parental  line.  The  first  step  prior  to  these  studies  was  the  detailed  characterization  of  C4-2 
bone  metastases.  This  was  done  with  partial  support  of  this  award  and  additional  funding.  A 
manuscript  summarizing  the  results  of  this  study  has  been  accepted  for  publication  in  J  Bone 
Miner  Res  (manuscript  is  attached).  Briefly,  C4-2  cells  exhibited  a  high  take  rate  (100%)  and  a 
consistent  growth  rate  in  the  intra-tibial  injections.  C4-2  tumors  were  detectable  after  3  weeks  in 
all  animals  by  serum  PSA  levels,  and  at  that  time  %TuV/TV  was  ~54%  as  determined  by 
histomorphometric  analysis.  Interestingly,  when  we  examined  effects  of  C4-2  cells  on  bone  at  an 
early  time  point,  3  weeks  after  injection  of  C4-2  cells,  we  detected  a  decrease  of  only  ~10%  in 
BMD,  which  did  not  reach  significance,  and  there  were  no  significant  changes  in  %BV/TV.  We 
hypothesize  that  large  numbers  of  tumor  cells  are  required  to  dysregulate  the  bone-remodelling 
equilibrium  or  that  the  perturbations  require  more  time  to  be  observable.  Longer  exposure  of 
bone  to  the  C4-2  cells  and  increased  %TuV/TV  resulted  in  a  significant  decrease  in  BMD  and  in 
%BV/TV.  These  results  are  in  agreement  with  results  previously  reported  with  C4-2B  cells  . 
Serum  PSA  levels  rose  consistently  in  the  intact  animals  from  week  2  until  the  end  of  the 
experiment,  closely  tracking  the  tumor  volume.  Androgen  suppression  caused  a  decrease  in 
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serum  PSA  levels,  with  a  nadir  at  2  weeks  post-castration,  after  which  serum  PSA  levels  began 
to  rise  again.  This  is  similar  to  the  course  observed  in  humans  as  metastatic  prostate  cancer 
reaches  the  hormone-refractory  stage.  Our  results  demonstrated  that  androgen  ablation  decreases 
BMD  and  %BV/TV  in  NT.  The  C4-2-osseous  model  therefore  mimics  the  human  situation,  in 
which  an  osteoporotic  response  to  androgen  suppression  is  seen  not  only  in  the  tumor  but  in  the 
whole  skeleton55.  Evidently  the  model  can  be  used  to  study  both  the  interactions  of  CaP  cells 
with  the  bone  and  the  effects  of  androgen  suppression  on  CaP  bone  metastasis.  In  summary,  we 
shown  that  the  C4-2-osseous  model  exhibits  many  aspects  of  bone  metastases  of  advanced 
prostate  cancer  in  patients,  although  it  does  not  possess  the  overall  osteoblastic  character 
(increase  in  bone  volume)  which  is  the  hallmark  of  CaP  bone  metastases  in  patients  with 
advanced  disease.  However,  bone  resorption  is  believed  to  be  an  essential  component  in  the 
establishment  of  bone  metastases.  Therefore,  models  demonstrating  both  bone  resorption  and 
formation  can  provide  useful  information  related  to  perturbation  of  normal  bone  remodeling  by 
CaP  bone  metastases. 


After  characterization  of  the  C4-2  bone  metastasis  model  we  examined  the  effects  of 
administration  of  ZA  on  C4-2  cell  in  vitro  and  in  vivo  (manuscript  in  preparation).  C4-2  cells 
proliferation  was  inhibited  by  ZA  and  cells  appearance  was  consistent  with  apoptosis  (Figure  1). 

Figure  1.  Effects  of  za  o„  C4-2  Prostate  Cancer  Ceils  in  vitro.  Both  prevention  and  treatment  regimens  of 
C4-2  cells  were  treated  with  ZA  for  4  days.  Changes  in  proliferation  administration  of  ZA  abolished  the 


were  determined  using  Quick  proliferation  kit.  Results  were 
normalized  to  absorbance  of  untreated  cells  A.  Effects  on 


decrease  in  BMD  caused  by  C4-2  cells, 


proliferation;  B.  Effects  on  morphology  .*  p  <  0.0001 


and  also  led  to  significant  increases  in 


BMD  in  non-tumored  tibiae.  BHM 
analysis  confirmed  the  expected  effects  of 
ZA  on  bone  remodeling,  showing 
increases  in  bone  volume  in  tissue  volume 
(BV/TV),  and  decreases  in  osteoblast  and 
osteoclast  surfaces  per  bone  surface 
(Ob.S./BS  and  Oc.S./BS),  under  both 


regimens  of  administration.  BHM  analysis 
also  showed  decreased  tumor  volume 
(TuV/TV)  after  ZA  administration.  The 
results  of  bone  histomorphometry  (BHM) 
analysis  are  presented  in  Table  4,  and 


representative  examples  of  the  histological 


appearance  of  tibiae  with  C4-2  cells  with  and  without  ZA  administration  are  shown  in  Figure  5  , 
respectively.  In  contrast  to  the  BHM  results,  which  showed  a  decrease  in  TuV/TV,  serum  PSA 
levels  were  not  significantly  changed  in  animals  receiving  injections  of  ZA  (Figures  6).  We 


hypothesize  that  the  discrepancy  between  serum  PSA  levels  and  decreased  tumor  volume  as 
determined  by  BHM  analysis  is  due  to  the  different  method  used.  Similar  observations  were 
presented  at  the  ASBMR  Annual  Meeting — a  discrepancy  between  BMH  analysis  results  and 
total  volume  of  metastases  as  determined  by  optical  imaging.  ##Whose  hypothesis?  The 


plausible  explanation  is  The  hypothesis  hold  that  tumor  growth  is  decreased  next  to  the  growth 
plate  where  the  effects  of  ZA  on  bone  are  the  most  pronounced,  but  continues  in  lower  parts  of 
the  tibiae.  In  summary  with  the  DOD  funding  we  have  shown  that  ZA 
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Table  4.  Results  of  Bone  Histomorphometry  Analysis  of  C4-2  Tibiae  with  and  without  Administration  of  ZA. 


Normal  Tibiae 

C4-2 

ZA 

C4-2  Treatment 

C4-2  Prevention 

Tumor  volume 
fTuV/TV%) 

na 

55.33  ±2.63 

55.08  ±4.38 

11.86  ±2.60 

Trabeculae  bone  volume 
(BV/TVj  %) 

8.71  ±0.91 

4.82  ±1.66 

11.72  ±1.94 

. 

52.56  ±2.90 

Trabeculae  number 
(Tb.N.:  ft/mm2) _ 

2.79  ±  0.32 

1.40  ±  0.42 

2.95  ±  0.35 

6.29  ±  0.39 

Trabecular  Thickness 
(Tb.Th.;  mM) 

31.09  ±1.36 

30.73  ±  2.62 

39.28  ±  4.21 

85.31  ±  7.93 

Trabecular  separation 
(mM) 

362.7  ±  52.4 

1373.0  ±  482.0 

318.0  ±40.6 

76.1  ±4.9 

Osteoblast  Surface 
(Ob.S./BS;  %) 

0.589  ±0.194 

6.820  ±1.539 

0.00 

0.00 

Osteoclast  surface 
(Oc.S./BS;  %) 

5.48±  0.528 

6.82  ±1.54 

0.460  ±  0.130 

0.432  ±0.109 

can  inhibit 

bone  lysis 
associated  with 
CaP  tumors, 
and  that  it  also 
exhibits 
growth- 
inhibitory 
effects  on  CaP 
tumors  which 
are  tumor-type 
dependent. 


Figure  6.  Serum  PSA  Levels  in  Animals 
with  C4-2  Bone  Metastasis  with  or 
without  Administration  of  ZA. 

30 
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•  Determination  of  effects  of  BP  on  seeding  of  PC-3  following  cardiac  injection 
(months  24-36). 

In  year  02  we  transfected  C4-2B  cells  with  a  plasmid  containing  enhanced  green  fluorescent 
protein  (EGFP).  Using  clonal  selection  we  have  established  a  clone  of  C4-2B  cells  of  which  95% 
are  positive  for  expression  of  EGFP.  Twenty  SCID  mice  were  injected  with  EGFP-C4-2B  into 
the  left  cardiac  ventricle.  Half  of  the  animals  are  being  treated  with  ZA  (100  mg/kg,  twice  a 
week).  Animals  are  monitored  for  growth  of  CaP  bone  metastasis  by  measuring  serum  levels  of 
PSA  every  two  weeks.  As  of  now  no  or  extremely  low  PSA  levels  were  detected  in  animals  from 
both  groups.  The  experiments  have  been  underway  for  3.5  months.  We  will  follow  the  animals 
for  a  maximum  of  5  months.  Analysis  of  the  presence  of  metastasis  will  be  performed  using 
fluorescent  imaging  by  Anticancer,  Inc. 
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KEY  RESEARCH  ACCOMPLISHMENTS  for  YEAR  03 


•  We  have  characterized  the  C4-2  model  of  prostate  cancer  metastasis  and  effects  of  ZA  on 
the  metastasis. 

•  We  have  not  succeeded  in  abolishign  expression  of  CatK  in  CaP  cells. 

•  We  have  begun  to  evaluate  whether  ZA  affects  the  spread  and  establishment  of  CaP 
metastasis. 


REPORTABLE  OUTCOMES 
Publications: 

Corey  E,  Brown  LG,  Quinn  JE,  Poot  M,  Roudier  MP,  Higano  CS,  and  Vessella  RL.  Zoledronic 
acid  exhibits  anti-tumor  effects  on  prostate  cancer.  Clin  Cancer  Res  (attached). 

Brubaker  KD,  Thomas  R,  Vessella  RL,  and  Corey  E.  Expression  and  activity  of  Cathepsin  K  in 
prostate  cancer.  J.  Bone  and  Min,  Res.  (attached). 

Pfitzenmaier  J,  Quinn  JE,  Odman  AM,  Zhang  J,  Keller  ET,  Vessella  RL,  Corey  E. 
Characterization  of  C4-2  Prostate  Cancer  Bone  Metastases  and  Their  Response  to  castration. 
Accepted  for  publication  in  J.  Bone  and  Min.  Res.  (attached). 


Abstracts: 

Corey  E.  et  al.  Evaluation  of  Effects  of  Osteoprotegerin  and  Zoledronic  Acid  on  C4-2  Prostate 
Cancer  Bone  Metastasis.  Third  North  American  Meeting  on  Skeletal  Complication  of 
Malignancies,  Bethesda,  MD,  2002. 

Corey  E.  et  al.  Effects  of  zoledronic  acid  on  prostate  cancer.  23rd  Annual  Meeting  of  American 
Society  for  Bone  and  Mineral  Research,  Phoenix,  AZ,  2001. 

Brubaker  KD,  Thomas  R,  Vessella  RL,  and  Corey  E.  Cathepsin  K  expression  and  activity  in 
prostate  cancer.  23rd  Annual  Meeting  of  American  Society  for  Bone  and  Mineral  Research, 
Phoenix,  AZ,  2001. 


CONCLUSIONS 

During  the  three  years  of  this  award  we  have  found  the  CatK  message,  protein  and  enzymatic 
activity  in  prostate  cancer  cells.  We  have  also  shown  that  CaP  cells  can  degrade  collagen  and 
that  levels  of  collagen  degradation  by  CatK  are  increased  in  prostate  cancer  patients  with  bone 
metastases.  However,  since  we  have  not  succeeded  in  abolishing  expression  of  CatK  in  CaP 
cells,  we  were  not  able  to  demonstrate  the  roles  of  CatK  in  CaP  metastasis  in  vivo. 

We  have  also  shown  that  ZA  inhibits  proliferation  of  prostate  cancer  cells  and  induced 
apoptosis  in  these  cells  in  vitro.  Our  in  vivo  experiments  with  prostate  cancer  bone  metastases 
models  have  shown  that  ZA  significantly  inhibited  osteolysis  associated  with  CaP  cells  in  bone 
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and  also  growth  of  osteoblastic  CaP  tumors.  These  results  suggest  that  ZA  would  be  of  benefit 
in  treatment  of  advanced  prostate  cancer.  However  we  have  also  shown  that  the  effects  of  ZA 
are  variable  depending  on  the  type  of  CaP  tumor.  C4-2  cells,  which  result  in  a  mixed  reaction, 
responded  much  less  favorably  than  the  osteoblastic  metastasis. 
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ABSTRACT 

Purpose:  In  this  study  we  have  examined  the  effects  of 
zoledronic  acid  (ZA),  a  new-generatfon  bisphosphonate,  on 
prostate  cancer  (CaP)  cells  in  vitro ,  and  on  both  osteoblastic 
and  osteolytic  CaP  metastases  in  animal  models. 

Experimental  Design:  In  vitro ,  CaP  cells  were  treated 
with  ZA,  and  the  effects  on  proliferation,  cell  cycle,  and 
apoptosis  were  determined.  In  vivo,  PC-3,  and  LuCaP 
23.1  s.c.  and  tibial  tumors  were  treated  with  ZA.  Effects  on 
bone  and  tumor  were  determined  by  histomorphometry  and 
immunohistochemistry. 

Results:  ZA  decreased  proliferation  of  CaP  cells,  and 
caused  Gt  arrest  and  apoptosis  of  CaP  cells  in  vitro .  In  vivo , 
s.c.  CaP  tumor  growth  was  not  affected  by  ZA.  However, 
growth  of  osteoblastic  and  osteolytic  metastases  of  CaP  was 
inhibited  significantly  in  vivo .  Matrix  metalloproteinase-2, 
matrix  metalloproteinase-9,  and  Cathepsin  K  levels  were 
decreased  in  osteolytic  bone  metastases  after  ZA  adminis¬ 
tration. 

Conclusions:  In  conclusion,  we  have  shown  that  ZA  has 
significant  antitumor  effects  on  CaP  cells  in  vitro  and  in  vivo . 
Antiosteolytic  activity  and  the  antitumor  effects  of  this  com¬ 
pound  could  benefit  CaP  patients  with  bone  metastases. 

INTRODUCTION 

Bone  is  a  very  common  site  of  CaP3  metastases  (1,2),  and 
bone  metastases  are  responsible  for  most  of  the  morbidity  as- 
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sociated  with  this  disease.  In  contrast  to  bone  metastases  of 
breast  cancer  and  myeloma,  which  are  mainly  osteolytic,  a  high 
percentage  of  CaP  metastases  exhibit  the  radiographic  appear¬ 
ance  of  osteoblastic  lesions  (3).  Histomorphometric  studies  of 
CaP  bone  metastases  have  shown  that  some  of  the  sclerotic 
lesions  are  actually  mixed  in  nature,  with  increased  activities  of 
both  osteoblasts  and  osteoclasts  (4,  5).  Roland  (6)  has  intro¬ 
duced  the  hypothesis  that  every  primary  or  metastatic  cancer  in 
bone  begins  with  osteolysis.  A  number  of  studies  have  shown 
that  patients  with  advanced  CaP  exhibit  elevated  levels  of  os¬ 
teolytic  bone  resorption  markers  in  urine  and  blood  (7,  8).  The 
preponderance  of  evidence  indicates  that  osteolysis  is  present  in 
CaP  bone  metastasis  even  when  the  overall  character  appears  to 
be  osteoblastic.  It  follows  that  the  use  of  compounds  inhibiting 
osteolysis  could  be  beneficial  to  patients  with  advanced  CaP. 

BPs  are  nonhydrolyzable  pyrophosphate  analogs.  BPs  have 
been  shown  to  have  inhibitory  effects  on  osteoclast  generation, 
maturation,  and  activity,  thereby  reducing  osteoclastic  bone  resorp¬ 
tion  (9-11).  BPs  are  used  to  treat  Paget’s  disease,  hypercalcemia 
associated  with  cancer,  and  lytic  metastases  of  breast  cancer  and 
myeloma.  Metabolic  bone  disease  of  CaP  and  the  rationale  for  the 
use  of  BPs  in  CaP  were  reviewed  recently  (12). 

ZA  is  a  new-generation  BP  with  a  side  chain  containing  an 
imidazole  ring,  and  is  one  of  the  most  potent  BPs  (13,  14). 
Berenson  et  al  (1 5)  reported  reduction  of  rates  of  skeletal  events 
in  metastatic  patients  by  ZA.  The  value  and  potential  of  ZA  in 
treatment  of  patients  with  cancer-related  bone  disease  were  also 
reviewed  recently  (16). 

Over  the  past  few  years  investigators  have  examined  BPs 
for  direct  effects  on  cancer  cells.  Various  studies  support  the 
hypothesis  that  there  are  such  direct  effects  of  BPs  (17-21). 
Animal  studies  have  demonstrated  that  pretreatment  of  mice 
with  risedronate  and  ibandronate  before  breast  cancer  cell  inoc¬ 
ulation  caused  a  significant  reduction  in  tumor  burden  in  bone 
(22, 23).  Peyruchaud  et  al  (24)  reported  inhibitory  effects  of  ZA 
on  osteolytic  lesions  of  breast  cancer  in  vivo ,  and  Mundy  et  al 
(25)  reviewed  preclinical  studies  with  BPs,  finding  that  they 
reduced  skeletal  metastases,  and  that  skeletal  lesions  and  tumor 
burden  were  diminished  by  ZA.  However,  despite  the  extent  of 
this  work,  the  effects  of  ZA  on  CaP  cells  and  CaP  bone  metas¬ 
tasis  have  not  yet  been  studied  in  detail,  although  Lee  et  al  (26) 
have  reported  inhibition  of  CaP  cell  growth  in  vitro  by  ZA. 

The  mechanisms  underlying  BP  effects  on  cancer  cells  are 
not  well  understood,  and  mechanistic  studies  have  begun  only 
recently.  These  mechanisms  may  involve  apoptosis  via  interfer¬ 
ence  with  the  mevalonate  pathway  (27-29)  and  activation  of 
caspases  (28),  and/or  effects  on  invasiveness  of  the  target  cells, 
mediated  by  changes  in  expression  and  activity  of  metallopro- 


separation;  Tb.Th.,  trabecular  thickness;  Ob.S.,  osteoblast  surface;  BS, 
bone  surface;  Oc.S.,  osteoclast  surface;  FBS,  fetal  bovine  serum. 
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teinases.  Tumor  cell  invasion  and  metastasis  are  at  least  partially 
mediated  by  MMPs,  through  their  ability  to  digest  basement 
membrane  and  extracellular  matrix  components.  Two  published 
studies  have  demonstrated  convincingly  that  secretion  of 
MMP-1  and  MMP-2  is  affected  by  BP  (20, 30),  whereas  a  study 
by  Farina  et  al  (3 1)  showed  that  BP  affected  the  activation  of 
MMP-2.  The  association  of  MMP-2  with  PC-3  invasiveness  and 
metastatic  character  also  suggests  a  role  for  this  proteinase  in 
CaP  metastasis. 

We  have  examined  the  effects  of  ZA  on  CaP  cells  in  vitro 
and  in  vivo.  Our  results  show  that  ZA  directly  inhibits  CaP 
proliferation  and  enhances  apoptosis  of  CaP  cells  in  vitro,  and 
also  reduces  growth  of  CaP  tumors  in  murine  bone.  These 
findings,  combined  with  reports  of  increased  osteolysis  in  CaP 
patients,  indicate  potential  benefits  of  using  ZA  in  treating  CaP 
metastases,  possibly  involving  a  combination  of  effects  on  bone 
resorption  and  direct  effects  on  tumor  cells. 


MATERIALS  AND  METHODS 

CaP  Cell  Lines  and  Xenografts.  LNCaP  and  PC-CaP 
cell  lines,  and  CEM,  an  acute  lymphoblastic  leukemia  cell  line 
(American  Type  Culture  Collection,  Rockville,  MD),  were 
maintained  under  standard  culture  conditions.  LuCaP  23.1,  a 
PSA-producing  human  CaP  xenograft  (32),  is  passaged  s.c.  in 
male  athymic  mice  (BALB/c  nu/nu;  Simonsen  Laboratories, 
Gilroy,  CA). 

Cell  Proliferation.  LNCaP  and  PC-3  cells  were  allowed 
to  adhere  overnight  in  96- well  plates.  RPMI  1640  without 
phenol  red  with  10%  or  2%  FBS  was  used  for  the  experiments. 
ZA  was  dissolved  in  100  mM  PBS  (pH  7.2)  and  added  to  the 
medium.  Cells  were  treated  with  4.1  nM  to  340  jam  ZA  for  1, 2, 
3,  or  4  days.  The  Quick  Cell  Proliferation  Assay  kit  (BioVision 
Laboratories,  Mountain  View,  CA)  was  used  to  measure  the 
effects  of  ZA  on  cell  proliferation.  Experiments  were  repeated 
three  times  and  done  in  triplicate;  Student's  t  test  was  used  to 
determine  statistical  significance. 

Effects  of  ZA  on  Apoptosis  and  Cell  Cycle  Distribution. 
LNCaP  and  PC-3  cells  were  grown  in  RPMI  1640  without 
phenol  red  with  10%  FBS  and  68  jam  ZA  for  1,  2,  or  3  days. 
Control  cultures  did  not  contain  ZA.  Semiconfluent  attached  and 
floating  cells  were  harvested,  counted,  and  resuspended  to  yield 
106  cells  in  1  ml  of  PBS.  CEM  cells  were  incubated  with  0.3 
camptothecin  (Sigma,  St.  Louis,  MO)  for  3  h  and  used  as  a 
positive  control  for  apoptosis. 

TUNEL  Assay.  The  TUNEL  assay  was  used  to  deter¬ 
mine  effects  ofZAon  DNA  fragmentation  (33).  One  X  106  cells 
were  fixed  in  2%  paraformaldehyde  and  refrigerated  for  15  min. 
Cells  were  spun  down  and  washed  with  PBS.  Ice-cold  ethanol 
was  added  drop-wise  (3  volumes  of  cells),  and  the  samples  were 
stored  at  —  20°C  until  the  analysis.  Untreated  cells  stained  with 
DAPI  (5  |Ag/ml;  Accurate  Chemical  &  Scientific  Corporation, 
Westbury,  NY)  were  used  for  each  cell  type  as  a  control  for 
autofluorescence.  Treated  and  untreated  cells  (0.5  X  106)  were 
mixed  with  50  jaI  of  TdT  reaction  mixture  with  or  without  1 0 
units  of  TdT  enzyme  (Boehringer  Mannheim,  Indianapolis,  IN) 
and  incubated  for  1.5  h  at  37°C.  After  washing  with  1  ml  of  15 
mM  EDTA  and  0.1%  NP40,  cells  were  resuspended  in  200  jaI  of 
DAPI.  For  each  sample,  40,000  particles  were  analyzed  (Coulter 
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Fig.  1  Effects  of  ZA  on  proliferation  of  CaP  cells.  Proliferation  of 
LNCaP  and  PC-3  cells  was  determined  after  exposure  to  ZA  (0-340 
jam)  for  1,  2, 3,  and  4  days  with  10%  FBS,  using  the  Quick  Proliferation 
kit  as  described  in  “Materials  and  Methods.”  Changes  in  absorbance  at 
450  nm  were  measured.  Results  are  plotted  as  mean  of  A450  to  demon¬ 
strate  increased  cell  numbers  as  the  experiments  progressed;  bars,  ±SE. 
ZA  (13.6  jam)  was  effective  in  inhibiting  proliferation  of  all  three  CaP 
cell  lines  after  2  or  more  days  of  exposure. 


Epics  Elite  cytometer;  Beckman  Coulter,  Fullerton,  CA)  using 
10  mW  UV  excitation  at  360  nm  and  15  mW  excitation  at  488 
nm.  UV-excited  DAPI  fluorescence  was  collected  with  a  450/35 
nm  filter,  whereas  488  nm-excited  FITC  fluorescence  was  col¬ 
lected  with  a  525/40  filter.  All  of  the  data  were  analyzed  using 
custom  software  available  commercially  (Phoenix  Flow3  Sys¬ 
tems,  San  Diego,  CA).  Exact  Fisher  tests  were  used  to  determine 
statistical  significance  of  the  differences. 

CMXRosamine/MitoTracker  Green  FM  Assay.  Deter¬ 
minations  of  numbers  of  cells  with  compromised  mitochondrial 
potential  and  cell  cycle  analysis  were  performed  using  Mito- 
Tracker  Green  FM,  CMXRosamine,  and  Hoechst  33342  dyes,  as 
described  by  Poot  and  Pierce  (34).  One  jaI  of  200  jam  CMXRo¬ 
samine  in  DMSO,  1  jjlI  of  200  jam  of  MitoTracker  Green  in 
DMSO,  and  20  jxl  of  1  mM  Hoechst  33342  in  water  were  added 
to  1  X  X  106  cells  in  1  ml  of  medium,  and  the  mixture  was 
incubated  at  37°C  for  30  min  in  the  dark.  After  incubation,  cells 
were  kept  on  ice  until  the  flow  cytometric  analysis.  Cells  with 
lowered  mitochondrial  membrane  potential  (reduced  red:green 
fluorescence  ratio)  were  quantified  by  flow  cytometry  as  de¬ 
scribed  above.  Hoechst  staining  was  used  to  examine  cell-cycle 
distribution.  Only  cells  with  unchanged  mitochondrial  potential 
were  used  to  assess  changes  in  cell -cycle  distribution. 

Animal  Studies.  For  in  vivo  experiments  we  used  PC-3 
cells,  yielding  osteolytic  bone  lesions,  and  the  xenograft  LuCaP 
23.1,  which  gives  rise  to  osteoblastic  lesions.  All  of  the  proce- 
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Fig .  2  Effects  of  ZA  on  apoptosis  and  cell-cycle  distribution  of  CaP  cells.  LNCaP  and  PC-3  cells  were  treated  with  68  jxM  ZA  for  1,  2,  and  3  days. 
Cells  were  processed  for  determination  of  apoptosis  as  described  in  “Materials  and  Methods.”  A,  percentage  of  apoptotic  cells  after  treatment  with 
68  |AM  ZA  as  determined  by  the  TUNEL  assay.  A  representative  sample  of  results  is  shown.  ZA  treatment  caused  a  significant  increase  in  apoptosis 
of  LNCaP,  which  rose  with  the  duration  of  exposure.  ZA  also  caused  a  significant  increase  in  apoptosis  of  PC-3  cells,  but  the  largest  percentage  of 
apoptotic  cells  was  detected  after  1  day  of  treatment.  B,  percentage  increase  in  compromised  cells  (cells  with  diminished  mitochondrial  potential)  after 
treatment  with  68  p,M  ZA.  C,  Hoechst  staining  was  used  to  perform  cell-cycle  analysis  of  the  portion  of  LNCaP  and  PC-3  cells  with  unchanged 
mitochondrial  potential  after  treatment  with  68  jjlM  ZA  for  1,  2,  and  3  days.  A  representative  example  of  the  results  is  shown.  ZA  treatment  caused 
Gj  arrest  in  LNCaP  cells  after  1,  2,  and  3  days  of  exposure,  and  also  in  PC-3  cells  after  2  and  3  days  of  exposure.  One  day  of  treatment  of  PC-3  cells 
caused  a  significant  increase  in  the  cell  population  in  S  phase. 


dures  were  performed  in  compliance  with  the  University  of 
Washington  Institutional  Animal  Care  and  Use  Committee  and 
NIH  guidelines.  Six-to-8-week-old  male  mice  (Fox  Chase  SCID 
mice;  Charles  River,  Wilmington,  MA)  were  used  for  the  s.c. 
injections,  and  4 -6-week-old  male  mice  were  used  for  tibial 
injections. 

Effects  of  ZA  on  s*c.  Tumors.  Animals  (10  in  treatment 
groups  and  5  in  control  groups)  were  injected  s.c.  with  2  X  106 
PC-3  cells  or  implanted  with  LuCaP  23.1  tumor  bits.  After 
tumors  reached  ~200  mg,  5  (xg  of  ZA  was  injected  twice 
weekly  s.c.  TuV  was  measured  twice  weekly  and  calculated  as 
L  X  H  X  W  X  0.5236.  Animals  were  sacrificed  when  tumors 
reached  ~1000  mg  or  when  animals  were  becoming  compro¬ 
mised. 

Effects  of  ZA  on  Intratibial  Tumors.  Single-cell  sus¬ 
pensions  (2  X  105  cells  in  —10  p\,  PC-3  and  LuCaP  23.1)  were 
injected  directly  into  the  tibiae  of  intact  male  mice  (SCID;  Ref. 
35).  Two  regimens  of  ZA  administration  were  used:  (a)  for 
prevention,  administration  of  ZA  was  started  simultaneously 
with  injection  of  tumor  cell;  this  regimen  was  chosen  to  simulate 
potential  effects  of  ZA  on  cells  arriving  at  the  metastatic  site, 
thereby  revealing  potential  interference  with  establishment  of 
metastases;  and  (p)  for  treatment,  administration  of  ZA  was 
started  when  the  tumor  was  established,  simulating  treatment  of 
established  metastatic  disease  (LuCaP  23.1:  PSA  level  — 5—10 
ng/ml,  33  days  after  injection  of  tumor  cells;  PC-3:  7  days  after 
injection  of  tumor  cells).  Under  each  regimen,  5  jig  of  ZA  was 
injected  twice  weekly  s.c..  Blood  was  drawn  every  2  weeks  for 
determination  of  PSA  serum  levels  (LuCaP  23.1  only).  Before 


sacrifice,  the  animals  were  anesthetized,  and  a  flat  plate  radio¬ 
graph  was  taken  with  a  diagnostic  mammography  unit  (35  kV, 
2.3  s,  20.7  mA/s,  small  focal  setting).  Of  the  animals  with  PC-3 
cells  in  tibiae,  the  control  group  and  5  animals  from  each 
ZA-administration  group  were  sacrificed  4  weeks  after  injection 
of  cells  when  the  control  animals  were  becoming  compromised. 
The  remaining  animals  bearing  PC-3  cells  in  tibiae,  which  were 
all  ZA-treated  animals,  were  sacrificed  at  a  later  time,  when  the 
animals  were  becoming  compromised  (7-9  weeks  after  injec¬ 
tion).  Animals  bearing  LuCaP  23.1  were  sacrificed  based  on 
radiographic  appearance  of  the  tibiae  indicating  extensive  os¬ 
teoblastic  reaction.  Tumor  growth  of  LuCaP  23.1  in  tibia  de¬ 
pends  significantly  on  the  single-cell  preparation;  therefore  we 
implanted  5  animals  of  the  control  group  with  the  same  prepa¬ 
ration  as  animals  of  the  prevention  group,  and,  separately,  5 
animals  of  the  control  group  with  the  same  preparation  as 
animals  of  the  treatment  group.  Animals  of  the  prevention  group 
and  the  corresponding  control  animals  were  sacrificed  130  days 
after  injection  of  LuCaP  23.1  cells.  ZA-treated  animals  under 
the  treatment  regimen  and  corresponding  control  animals  were 
sacrificed  90  days  after  injection  of  the  LuCaP  23.1  cells.  After 
sacrifice  the  tumor-bearing  tibiae  were  harvested.  Samples  were 
divided  for  bistomorphometric  analysis  (embedding  in  methac¬ 
rylate;  Ref.  36)  or  for  histology  and  immunohistochemistry 
[fixed  in  10%  neutral  NBF  for  24  h,  decalcified  in  10%  formic 
acid  as  described  (37),  and  embedded  in  paraffin].  The  con¬ 
tralateral  tibiae  of  animals  were  harvested,  embedded  in  meth¬ 
acrylate,  and  used  as  controls  for  histomorphometric  analysis. 
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Fig.  3  Radiography  and  histology  ofPC-3  and  LuCaP  23. 1  in  tibiae  after  ZA  treatment.  A,  representative  radiographs  of  PC-3  tumors  in  tibiae.  Tibiae 
of  SCID  mice  were  injected  with  PC-3  cells,  and  ZA  was  administered  under  prevention  and  treatment  regimens  as  described  in  “Materials  and 
Methods.”  Animals  were  sacrificed  4  weeks  after  injection  and  radiographs  were  taken  using  a  mammography  unit.  PC-3  cells  cause  a  strong 
osteolytic  reaction  in  the  bone,  with  destruction  of  a  large  portion  of  mineralized  tissue  (control).  ZA  administration  (prevention  and  treatment) 
decreased  the  bone  lysis  caused  by  PC-3  cells;  radiographs  show  conservation  of  tibiae  with  increased  density  of  bone.  B,  representative  histology 
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Histomorphometric  Analysis.  Analysis  was  performed 
on  5-|xm  sections  of  methaciylate-embedded  tibiae  stained  with 
Goldner*  s  stain  as  described  (38).  Histomorphometric  determi¬ 
nations  of  TuV  of  PC-3  tumors  and  BV  were  performed  on  a  TV 
of  0.604  mm2  adjacent  to  the  growth  plate  using  an  Osteomea- 
sure  Image  Analysis  system  (Osteometries,  Atlanta,  GA).  Per¬ 
centages  of  BV  and  TuV  in  TV  were  calculated.  Analysis  of 
LuCaP  23.1  was  performed  by  Skeletech,  Inc.  (Bothell,  WA). 
Analysis  was  performed  on  mouse  proximal  tibiae.  BV,  TuV, 
Tb.N.  (number/mm),  Tb.Sp.  (jxm),  Tb.Th.  (jxm),  Ob.S/BS  (%), 
and  Oc.S/BS  (%)  were  determined.  Statistical  analysis  was 
performed  using  Student’s  t  test. 

Immunohistochemical  Analysis.  Staining  was  per¬ 
formed  to  determine  expression  of  Cathepsin  K  (anti-Cathepsin 
K  chicken  polyclonal  antibody,  1:25  dilution;  Immunodiagnos- 
tics  System  Ltd.,  Boldon,  United  Kingdom),  MMP-2  (anti- 
MMP-2  rabbit  polyclonal  antibody,  5  jxg/ml;  Chemicon  Inter¬ 
national  Inc.,  Temecula,  CA),  and  MMP-9  (anti-MMP-9  rabbit 
polyclonal  antibody,  5  |xg/ml;  Chemicon  International).  Immu- 
noperoxidase  staining  was  performed  as  we  described  previ¬ 
ously  (39),  with  modifications  to  the  serum  blocking  process. 
The  serum  block  contained  rabbit,  horse,  and  goat  serum  (5% 
each)  for  the  anti-Cathepsin  K  antibody,  and  horse,  goat,  and 
chicken  serum  (5%  each)  for  the  anti-MMP-2  and  anti-MMP-9 
antibodies,  to  prevent  nonspecific  binding  in  the  xenograft  tis¬ 
sues.  Antigen  retrieval  was  performed  in  10  mM  citrate  buffer 
(pH  6)  for  10  min  before  staining  with  the  anti-MMP-2  and 
MMP-9  antibodies.  The  primaiy  antibodies  were  diluted  in  the 
serum  blocking  solution,  as  were  the  appropriate  negative  con¬ 
trols  (chicken  IgY  and  rabbit  IgG,  respectively).  Detection  of 
immunoreactivity  was  performed  using  avidin-biotin  complex 
method  kits  (Vector  Laboratories,  Burlingame,  CA)  and  3,3'- 
diaminobenzidine  as  substrate. 

RESULTS 

Effects  of  ZA  on  Proliferation  of  CaP  Cells.  ZA  (340 
jxm)  inhibited  proliferation  of  LNCaP  and  PC-3  cells  in  the 
presence  of  10%  FBS  by  up  to  70%  after  4  days  of  treatment 
(Fig.  1).  Treatment  with  13.6  |am  ZA  caused  significant  inhibi¬ 
tion  (15-45%)  of  proliferation  after  2  or  more  days  of  exposure 
in  both  cell  lines  tested  (P  =  0.05-0.00001);  however,  1  day  of 
treatment  was  not  effective.  Similar  effects  were  observed  with 
2%  FBS  (data  not  shown). 


Effects  of  ZA  on  Apoptosis  and  Cell  Cycle  of  CaP  Cells. 
To  evaluate  effects  of  ZA  on  apoptosis  we  used  68  jxm  ZA, 
which  decreased  proliferation  of  all  three  of  the  cell  lines  by 
;>25%  after  2  and  3  days  of  exposure.  Using  the  TUNEL  assay 
to  detect  DNA  fragmentation,  we  observed  1.9,  2.2,  and  2.6% 
apoptotic  cells  in  the  ZA-treated  LNCaP  cells  after  1,2,  and  3 
days  of  exposure,  respectively,  with  no  significant  apoptosis 
detected  in  untreated  cells  (0.1,  0,  and  0.5%;  Fig.  2A).  PC-3  cells 
treated  with  68  jxm  of  ZA  showed  an  increase  in  apoptosis  to 
4.1%  after  1  day  of  treatment,  and  3%  and  1.8%,  respectively, 
after  days  2  and  3  of  treatment  with  no  significant  apoptosis 
detected  in  untreated  cells  (Fig.  2A).  Differences  were  signifi¬ 
cant  as  determined  by  Fisher’s  exact  test  ( P  <  0.001). 

To  confirm  the  increase  in  apoptosis  we  used  an  independ¬ 
ent  method.  Detection  of  cells  with  compromised  mitochondrial 
membrane  potential  (cells  considered  to  be  committed  to  the 
apoptotic  pathway)  also  demonstrated  an  increase  in  the  per¬ 
centage  of  apoptotic  cells  after  treatment  with  68  jxm  of  ZA  (Fig. 
2 B),  LNCaP  cells  exhibited  significant  increases  after  1,  2,  and 
3  days  of  treatment  (31.1  versus  25.3%,  35.2  versus  16.3%,  and 
35.7  versus  20.8%,  respectively).  Similar  results  were  obtained 
with  PC-3  cells,  with  the  greatest  difference  appearing  on  day  1 
(45.7  versus  10.8%,  31.4  versus  12.9%,  and  30.5  versus  16.7%). 
All  of  the  differences  were  significant  as  determined  by  Fisher’s 
exact  test  (P  <  0.0001). 

We  also  examined  the  cell -cycle  distribution  of  CaP  cells, 
using  only  the  population  of  cells  with  unchanged  mitochondrial 
potential.  Treatment  of  LNCaP  cells  with  68  jxm  ZA  for  1,  2, 
and  3  days  increased  the  proportion  of  cells  in  Gt  phase  by 
9.8-12.6%  over  the  control,  indicating  G1  arrest  (Fig.  2 C),  with 
concomitant  decreases  in  cell  populations  in  S  and  G2  phases. 
Treatment  of  PC-3  cells  with  68  jxm  of  ZA  caused  a  significant 
increase  in  percentages  of  cells  in  S  phase  after  1  day  of 
treatment  (17.5%),  with  a  decrease  in  populations  of  cells  in  G2 
phase.  This  was  followed  by  increases  in  Gj -phase  cells  after  2 
and  3  days  (24.3%  and  17.7%,  respectively),  with  concomitant 
decreases  in  S  and  G2  phases  (Fig.  2 C). 

Effects  of  ZA  on  CaP  in  Vivo .  For  in  vivo  experiments 
we  used  two  CaP  models:  PC-3  cells,  which  are  responsive  to 
ZA  in  vitro  and  yield  lytic  bone  metastases,  and  LuCaP  23.1, 
which  does  not  grow  in  vitro  but  is  one  of  the  few  CaP  xe¬ 
nografts  that  gives  rise  to  osteoblastic  bone  metastases  (40).  We 
first  examined  effects  on  s.c.  tumors.  In  contrast  to  the  in  vitro 


of  PC-3  tumors  in  tibiae.  Tibiae  of  SCID  mice  were  injected  with  PC-3  cells,  and  ZA  was  administered  under  prevention  and  treatment  regimens  as 
described  in  “Materials  and  Methods.”  Tibiae  were  harvested  and  embedded  in  methacrylate.  Goldner  staining  was  performed  on  4-|xM  sections  as 
described  in  “Materials  and  Methods.”  Tumor  cells  are  white  and  gray  in  this  picture;  mineralized  bone  is  green .  The  control  tibia  shows  destruction 
of  most  of  the  mineralized  bone.  In  the  tibiae  from  prevention  and  treatment  groups,  the  bone  cortical  shaft  appears  to  be  conserved.  C,  representative 
radiographs  of  LuCaP  23.1  Tumors  in  tibiae.  Tibiae  of  SCID  mice  were  injected  with  LuCaP  23.1  cells,  and  ZA  was  administered  under  prevention 
and  treatment  regimens  as  described  in  “Materials  and  Methods.”  Radiographs  were  taken  using  a  mammography  unit.  LuCaP  23.1  cells  caused  a 
strong  osteoblastic  reaction  in  the  bone  in  all  three  groups  (control,  prevention,  and  treatment).  D,  representative  histology  of  LuCaP  23.1  Tumors 
in  tibiae.  Tibiae  of  SCID  mice  were  injected  with  PC-3  cells,  and  ZA  was  administered  under  prevention  and  treatment  regimens  as  described  in 
“Materials  and  Methods.”  Tibiae  were  harvested  and  embedded  in  methacrylate.  Goldner  staining  was  performed  on  4-jxM  sections  as  described  in 
“Materials  and  Methods.”  Tumor  cells  are  white  and  gray  in  this  picture;  mineralized  bone  is  green.  The  control  example  (untreated  tibia  with  LuCaP 
23.1)  shows  extension  of  mineralized  bone  beyond  the  former  cortical  shaft.  Many  trabeculae  and  tumor  foci  are  observed.  In  tibiae  of  ZA-treated 
animals  (prevention  and  treatment)  mineralized  bone  also  extends  beyond  the  original  cortical  shaft,  but  is  not  as  “spread  out”  as  in  untreated  animals. 
In  addition,  the  trabeculae  are  thicker  versus  the  untreated  LuCaP  23.1  tibiae,  and  their  separation  is  smaller.  Tumor  foci  appear  smaller,  suggesting 
effects  of  ZA  on  TuV. 
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Fig .  4  Bone  histomorphometric  analysis  of  ef¬ 
fects  of  ZA  on  PC-3  and  LuCaP  23.1  in  tibiae. 
Tibiae  with  PC-3  or  LuCaP  23.1  with  or  without 
ZA  administration  were  embedded  in  methacrylate 
and  used  for  bone  histomorphometrica!  analysis  as 
described  in  “Materials  and  Methods.”  Analysis 
was  performed  on  a  tissue  area  adjacent  to  the 
growth  plate.  A,  the  percentage  of  TuV/TV  was 
calculated  based  on  the  measurement  of  TuV  in 
Goldner-stained  sections  of  tibiae.  Results  are 
plotted  as  mean;  bars,  ±SE.  Percentage  TuV/TV 
was  decreased  in  the  animals  after  ZA  administra¬ 
tion,  suggesting  effects  of  ZA  on  CaP  tumor  cells. 
B,  tibiae  with  and  without  tumors  were  harvested 
and  embedded  in  methacrylate.  Analysis  of 
changes  in  BV  was  performed  on  Goldner-stained 
sections.  The  percentages  of  BV/TV  in  tibiae  with 
tumors  and  contralateral  tibiae  were  calculated. 
Results  are  plotted  as  mean;  bars ,  ±  SE.  PC-3  cells 
cause  lysis  of  bone,  which  is  decreased  by  admin¬ 
istration  of  ZA.  LuCaP  23.1  cells  cause  bone  for¬ 
mation,  and  this  effect  is  augmented  by  adminis¬ 
tration  of  ZA. 


results,  we  did  not  detect  significant  decreases  in  TuVs  of  s.c. 
PC-3  and  LuCaP  23.1  xenografts  treated  with  ZA  versus  un¬ 
treated  animals.  However,  when  we  examined  the  effects  of  ZA 
on  both  tumors  and  bones  with  PC-3  and  LuCaP  23.1  grown  in 
tibiae,  we  detected  significant  increases  in  BV  and  decreases  in 
TuV  under  both  regimens  of  administration  (prevention  and 
treatment).  Representative  examples  of  radiographs  and  histol¬ 
ogy  are  shown  in  Fig.  3,  A  and  B  (PC-3)  and  Fig.  3,  C  and  D 
(LuCaP  23.1).  The  take  rate  of  PC-3  in  tibiae  was  100%  (10  of 
10)  in  all  three  of  the  groups,  and  was  unaffected  by  ZA 
administration.  Percentage  TuV/TV  of  PC-3  cells  was  signifi¬ 
cantly  smaller  in  tibiae  of  ZA-treated  animals  versus  control 
animals  (Fig.  4 4,  control;  59.8  ±  11.6%,  prevention:  20.7  ± 
2.9%,  P  =  0.029,  treatment:  18.3  ±  2.8%,  P  =  0.022).  PC-3 
cells  caused  the  osteolytic  reaction  in  bone,  leading  to  a  signif¬ 
icant  reduction  in  %BV/TV  in  comparison  to  contralateral  tibiae 
(Fig.  4 B,  5.9  ±  1.7%,  versusXZS  ±  1.4%;  P  =  0.0024).  Com¬ 
parison  of  %BV/TV  of  tumored  and  contralateral  tibiae  after 
administration  of  ZA  showed  that  %BV/TV  of  tumored  tibiae 
was  not  significantly  different  from  %BV/TV  of  contralateral 
tibiae  of  the  same  animals  (Fig.  4 B,  prevention:  26.9  ±  5.5% 
versus  19.9  ±  6.1%,  P  =  0.19,  and  treatment:  22.5  ±  4.6% 
versus  31.6  ±  5.9%,  P  =  0.26).  Thus  the  effects  of  ZA  were  not 
restricted  to  the  tumor  site.  However,  there  were  significant 
increases  in  %BV/TV  in  both  tumored  and  contralateral  tibiae 
accompanying  the  ZA  administration  compared  with  vehicle 
alone  (Fig.  4 B;  P  <  0.01).  The  animals  in  the  control  group 
became  compromised  at  week  4  and  were,  therefore,  sacrificed; 
however,  the  ZA-treated  animals  under  both  regimens  with 
PC-3  cells  in  tibiae  did  not  become  compromised  until  weeks 
7-9,  at  which  time  they  were  sacrificed. 

Because  many  CaP  bone  metastases  have  the  radiographic 
appearance  of  osteoblastic  reactions,  we  performed  a  more 


detailed  analysis  of  the  LuCaP  23.1  bone  metastases.  Take  rates 
of  LuCaP  23.1  were  similar  in  control  and  ZA-treated  groups 
(100%;  10  of  10),  suggesting  that  ZA  administration  did  not 
affect  establishment  of  the  cells  in  the  bone  milieu.  The  per¬ 
centage  of  TuV/TV  of  LuCaP  23.1  in  tibiae  was  significantly 
smaller  in  ZA-treated  animals  versus  untreated  animals  (Fig.  4 A, 
prevention:  P  =  0.001,  treatment:  P  —  0.009;  Table  1).  Our  data 
also  showed  that  PSA  serum  levels  in  animals  bearing  LuCaP 
23.1  xenografts  were  significantly  decreased  by  ZA  under  pre¬ 
vention  and  treatment  regimens  versus  control  animals  (Fig.  5), 
suggesting  decreased  tumor  growth,  based  on  the  assumption 
that  PSA  serum  levels  are  correlated  positively  with  TuV.  These 
results  are  in  agreement  with  our  observation  that  ZA  in  vitro 
had  inhibitory  effects  on  tumor  growth.  LuCaP  23.1  xenografts 
cause  an  osteoblastic  reaction  in  bone,  leading  to  a  significant 
increase  in  %BV/TV  versus  contralateral  tibiae  (P  =  0.0008). 
Administration  of  ZA  under  both  regimens  to  animals  bearing 
LuCaP  23.1  tumors  in  tibiae  additionally  increased  the  %BV/TV 
of  tumored  tibiae  versus  contralateral  tibiae  (prevention:  P  = 
0.017,  treatment:  P  =  0.017;  Fig.  4 B;  Table  1).  Analysis  of 
tibiae  from  control  animals  (two  groups,  sacrificed  130  and  69 
days  after  tumor  cell  injection)  showed  no  significant  differ¬ 
ences  in  the  parameters  evaluated  (%BV/TV,  %TuV/TV,  Tb.N., 
Tb.Th.,  Tb.Sp.,  Ob.S./BS,  and  Oc.S./BS).  Therefore,  for  histo- 
morphometrical  analysis  of  the  effects  of  ZA  administration,  the 
control  tibiae  were  treated  as  one  group.  There  were  no  signif¬ 
icant  changes  in  Tb.N.  with  ZA  administration,  but  we  observed 
significant  decreases  in  Tb.Sp.  and  increases  in  Tb.Th.,  which 
did  not  reach  significance.  Ob,S./BS  was  greater  in  tibiae  bear¬ 
ing  LuCaP  23.1  versus  contralateral  tibiae,  but  remained  ap¬ 
proximately  the  same  in  ZA-treated  animals  versus  untreated 
animals.  However,  in  keeping  with  the  known  anti  osteoclastic 
activity  of  ZA,  the  Oc.S./BS  was  lower  in  ZA-treated 
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Table  1  Results  of  bone  histomorphometrical  analysis  of  LuCaP  23.1  in  bone  with  and  without  ZA  treatment 
Analysis  was  performed  on  2-5  samples.  Results  are  presented  as  a  mean  ±  SE.  Significance  of  results  was  determined  using  Student’s  t  test. 

LuCaP  23.1  control  LuCaP  23.1/ZA  prevention _ LuCaP  23.1/ZA  treatment 


%  TuV/TV 

39.6  ±  3.3 

11.4  ±  1.5* 

16.2  ±  1.0* 

%  BV/TV 

Tumor  tibiae 

48.4  ±  3.1 

76.9  ±  3.9* 

67.2  ±  7.8C 

Contralateral  tibiae 

4.2  ±  .4 

26.2  ±  5.3* 

5.0  ±  2.7 

Tb.N. 

Tumor  tibiae 

7.8  ±  .3 

8.2  ±  1.3 

8.4  ±  0.5 

Contralateral  tibiae 

1.7  ±  .04 

6.8  ±  1.1* 

1.7  ±  0.9 

Tb.Th. 

Tumor  tibiae 

62.9  ±  5.6 

99.6  ±  19.0 

79.8  ±  4.8 

Contralateral  tibiae 

34.5  ±  3.0 

37.8  ±  2.2 

29.6  ±  0.9 

Tb.Sp. 

Tumor  tibiae 

66.5  ±  4 

28.0  ±  0.5° 

39.7  ±  11. 5C 

Contralateral  tibiae 

643.4  ±  121.4 

118.3  ±  30. 8C 

782.8  ±  415.8 

Ob.S./BS 

Tumor  tibiae 

3.8  ±  0.6 

3.1  ±  1.0 

5.5  ±  5.4 

Contralateral  tibiae 

0.00 

0.6  ±  0.3 

2.7  ±  2.0 

Oc.S/BS 

Tumor  tibiae 

2.9  ±  1.4 

0.6  ±  0.3 

1.1  ±0.9 

Contralateral  tibiae 

6.3  ±  2.1 

3.6  ±  1.1 

1.5  ±  1.5 

aP<  0.001. 
bP  <0.01. 
CP  <  0.05. 


Fig,  5  Effects  of  ZA  on  PSA  levels  in  animals  with  LuCaP  23.1  in 
tibia.  Animals  were  injected  with  single-cell  suspensions  of  LuCaP  23.1 
in  tibiae.  ZA  was  administered  SC  twice  weekly  under  two  regimens.  1, 
prevention :  ZA  injections  started  at  the  same  time  as  cell  injection.  2, 
treatment:  ZA  injection  started  when  PSA  levels  reached  approximately 
5-10  ng/ml,  indicating  established  tumor  in  the  bone.  Blood  was  drawn 
for  determination  of  PSA  every  2  weeks.  Results  are  plotted  as  mean; 
bars,  ±SE.  Significant  differences  in  PSA  serum  levels  were  detected 
under  both  regimens  of  ZA  administration  in  comparison  with  untreated 
LuCaP  23.1  tumors. 


animals  versus  untreated  animals  and  also  in  tibiae  bearing 
LuCaP  23.1  versus  contralateral  tibiae,  although  these  differ¬ 
ences  did  not  reach  statistical  significance. 

Because  ZA  affects  osteoclasts  and  their  ability  to  degrade 
bone  extracellular  matrix,  we  examined  levels  of  expression  of 
Cathepsin  K,  a  cysteine  protease  responsible  for  degradation  of 
collagen  in  CaP  cells.  We  detected  immunoreactivity  of  Cathep¬ 
sin  K  in  PC-3  cells  grown  in  tibiae,  and  this  expression  was 


decreased  in  PC-3  cells  in  tibiae  from  ZA-treated  animals  under 
both  regimens  (Fig.  6A ;  Table  2).  Interestingly,  Cathepsin  K 
expression  was  not  affected  in  LuCaP  23.1  xenografts  in  tibiae 
(Fig.  6B ),  Human  bone  with  CaP  metastasis  used  as  a  positive 
control  exhibited  strong  staining  in  osteoclasts  lining  the  BS. 
The  same  samples  treated  under  the  same  conditions  with 
chicken  IgY  were  negative.  A  similar  pattern  was  observed  with 
MMP-2  and  MMP-9.  MMP-2  and  MMP-9  expression  was  de¬ 
creased  in  PC-3  cells  in  tibiae  by  ZA  treatment  (Fig.  7;  Table  2), 
but  no  corresponding  changes  were  observed  in  LuCaP  23.1 
cells.  The  same  samples  stained  with  rabbit  IgG  exhibited  no 
immunoreactivity. 

DISCUSSION 

Our  data  show  that  ZA  has  direct  antiproliferative  and 
apoptotic  effects  on  CaP  cells  in  vitro.  The  degree  of  inhibition 
of  proliferation  varied  with  the  CaP  cell  line,  but  it  is  unclear 
whether  this  is  connected  with  known  phenotypic  differences 
among  these  cell  lines;  mechanistic  studies  will  be  required  to 
answer  this  question.  Our  data  are  in  agreement  with  a  recent 
report  of  Lee  et  al  (26),  who  also  observed  similar  inhibitory 
effects  of  ZA  on  proliferation  of  CaP  cells  in  vitro.  The  con¬ 
centrations  effective  in  vitro  are  higher  than  those  used  under 
clinical  conditions,  but  because  BPs  accumulate  in  bone  (41), 
the  local  concentrations  might  be  considerably  higher  than  those 
calculated  on  an  organismal  basis,  conceivably  reaching  levels 
similar  to  those  effective  in  vitro. 

Several  studies  have  suggested  that  BPs  promote  apoptosis 
of  osteoclasts  (11,  42).  Apoptosis  is  characterized  by  various 
cellular  changes,  including  DNA  fragmentation,  mitochondrial 
swelling,  and  chromatin  condensation.  We  have  used  two  inde¬ 
pendent  assays  to  examine  activation  of  apoptotic  pathways.  By 
detecting  DNA  fragmentation  we  observed  an  increase  of  up  to 
2.5-fold  in  apoptosis  in  LNCaP  and  PC -3  associated  with  ZA 
treatment,  although  the  overall  percentages  of  cells  exhibiting 
DNA  fragmentation  were  low.  Assays  of  mitochondrial  mem¬ 
brane  potential  as  an  indication  of  apoptosis  also  showed  that 
ZA  caused  apoptosis  of  CaP  cells.  The  time  dependence  of  the 
results  showed  similar  patterns:  increased  apoptosis  was  asso- 
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Fig.  6  Presence  of  Cathepsin  K  immunoreactivity  in  PC-3  and  LuCaP  23.1  tumors  in  tibiae  with  and  without  ZA  administration.  Immunoreactivity 
of  Cathepsin  K,  an  enzyme  involved  in  degradation  of  bone  extracellular  matrix,  in  representative  samples  of  untreated  and  treated  tibiae  with  PC-3 
(A)  and  LuCaP  23.1  ( B ).  Staining  was  performed  as  described  in  “Materials  and  Methods.”  Expression  of  Cathepsin  K  in  PC-3  cells  is  decreased  in 
tibiae  after  ZA  administration  under  both  prevention  and  treatment  regimens  versus  control  (untreated)  tumored  tibiae.  In  contrast  Cathepsin  K 
expression  was  not  changed  in  osteoblastic,  LuCaP  23.1  metastases. 


dated  with  longer  exposure  of  LNCaP  to  ZA  in  each  case, 
whereas  the  highest  level  of  apoptosis  of  PC-3  was  seen  at  24  h. 
The  difference  between  percentages  of  apoptotic  cells  as  deter¬ 
mined  by  TUNEL  versus  the  mitochondrial  assay  is  probably 
related  to  the  kinetics  of  apoptosis.  Mitochondria  lose  their 
function  early  in  the  apoptotic  process,  as  reflected  in  a  lowered 
mitochondrial  membrane  potential,  whereas  degradation  of 
DNA  and  formation  of  apoptotic  fragments  are  late  events. 
Therefore,  the  time  window  during  which  a  cell  exhibits  a 
lowered  mitochondrial  membrane  potential  is  longer.  Our  data 
contrast  with  results  published  by  Lee  et  al.  (26),  who  reported 


that  ZA  did  not  cause  apoptosis  in  CaP  cells  (DU  145  and  PC-3). 
The  differences  between  our  results  and  those  of  Lee  et  al  (26) 
may  be  due  to  differences  in  the  sensitivity  of  the  methods  used 
for  determination  of  apoptosis,  and/or  to  variations  in  the  cul¬ 
tured  cell  lines. 

There  were  significant  differences  in  the  responses  of  the 
LNCaP  (hormone-sensitive)  and  PC-3  (hormone-insensitive) 
cell  lines  to  ZA.  The  p5  3 -deficient  PC-3  (43)  exhibited  high 
levels  of  apoptosis  and  accumulation  in  S  phase  after  24  h, 
whereas  LNCaP  cells,  with  wild-type  p53  (44),  exhibited  a  slow 
rise  in  apoptotic  cells,  concomitant  with  a  strong  Gx  phase 
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Table  2  Immimohistochemical  analysis  of  PC-3  and  LuCaP  23.1  in  tibiae  after  administration  of  ZA 

Control 

Prevention 

Treatment 

Percentage  of 
positive  cells 

Intensity  of 
staining 

Percentage  of 
positive  cells 

Intensity  of 
staining 

Percentage  of 
positive  cells 

Intensity  of 
staining 

PC-3 

Cathepsin  K 

20-40% 

1  + 

0 

0 

MMP-2 

70-90% 

2+ 

50% 

1  + 

50-70% 

1  + 

MMP-9 

90% 

2-3+ 

80-90% 

1  + 

80% 

1  + 

LuCaP  23.1 

Cathepsin  K 

80-90% 

2+ 

80-90% 

2+ 

80-90% 

2  + 

MMP-2 

80-90% 

2-3+ 

80-90% 

2-3+ 

80-90% 

2-3+ 

MMP-9 

80-90% 

2-3+ 

80-90% 

2-3+ 

80-90% 

2-3+ 

arrest.  We  hypothesize  that  ZA  induces  apoptosis  by  distinct 
mechanisms,  depending  on  the  p53  status  of  the  target  cells. 
Cells  that  have  lost  their  G/S  checkpoint  undergo  rapid  apo¬ 
ptosis  (PC-3),  whereas  cells  with  functional  p53  (as  observed  by 
arrest  at  the  Gj/S  border)  still  undergo  ZA-induced  apoptosis, 
albeit  at  a  slower  rate  (LNCaP).  A  useful  corollary  is  that  the 
cytotoxic  action  of  ZA  on  CaP  cells  does  not  appear  to  be 
dependent  on  p53  function. 

To  investigate  in  vivo  the  potential  benefits  of  ZA  to  CaP 
patients  we  have  examined  the  effects  of  ZA  on  s.c.  CaP  tumors 
and  CaP  bone  metastases  in  animal  models  (40).  The  effects  of 
ZA  on  s.c.  tumors  should  be  independent  of  the  bone  environ¬ 
ment.  In  contrast  with  the  in  vitro  inhibition  data,  we  saw  no 
significant  effects  of  ZA  on  the  growth  of  s.c.  tumors.  This  may 
indicate  that  there  are  no  direct  effects  of  ZA  in  vivo  under  these 
conditions  and  that  the  observed  effects  on  tumors  in  bone  are 
all  related  to  inhibition  of  osteolysis.  An  alternative  hypothesis 
is  that  the  lack  of  inhibitory  effects  on  the  s.c.  tumors  may  be 
due  to  poor  bioavailability  of  ZA,  at  least  in  part  because  the 
compound  accumulates  in  bone.  However,  in  osseous -CaP  mod¬ 
els,  consisting  of  direct  injection  of  CaP  cells  into  tibiae,  we 
observed  inhibition  of  both  tumor  growth  and  bone  degradation 
by  Z  A.  It  is  not  yet  clear  whether  the  two  inhibitory  phenomena 
are  caused  by  a  single  or  multiple  activities  of  ZA.  It  has  been 
suggested  that  factors  released  during  degradation  of  bone  ex¬ 
tracellular  matrix  support  growth  of  tumor  cells  (45).  Zhang  et 
al  (46)  showed  that  administration  of  osteoprotegerin,  a  mod¬ 
ulator  of  osteoclast  recruitment  and  activity,  can  impede  estab¬ 
lishment  of  C4-2B  metastases  in  bone  when  injected  at  the 
same  time  as  the  C4-2B  cells,  suggesting  that  osteoclastogen- 
esis  is  an  important  mediator  of  establishment  of  CaP  bone 
metastasis.  The  inhibition  of  tumor  proliferation  observed  could 
be  because  of  direct  effects  of  ZA  on  tumor  cells,  indirect  effects 
resulting  from  decreased  bone  lysis,  a  combination  of  these,  or 
still  other,  unknown  mechanisms.  Our  data  indicate  that  ZA 
probably  does  not  interfere  with  initial  establishment  of  the 
tumors  in  bone,  because  the  take  rates  were  similar  in  control 
and  prevention  groups.  Moreover,  in  the  PC-3  intratibial  tumors, 
ZA  slowed  but  did  not  halt  growth  of  the  tumors,  indicating  that 
ZA  may  be  palliative  but  not  curative  with  osteolytic  CaP 
metastases. 

Results  of  BHM  analysis  also  suggest  that  the  increase 
in  %BV/TV  caused  by  LuCaP  23.1  may  be  partially  due  to  de 
novo  bone  formation,  because  the  Tb.N.  in  tumored  tibiae  is 
higher  than  in  contralateral  tibiae.  However,  the  increase  in 


BV/TV  in  ZA-treated  animals  bearing  LuCaP  23.1  in  tibiae 
versus  nontreated  animals  appears  to  be  due  to  increased 
thickness  of  trabeculae,  which  is  consistent  with  decreased 
lysis  and/or  more  bone  formation  in  apposition  to  the  existing 
trabeculae. 

Cathepsin  K,  a  cysteine  protease  expressed  by  osteoclasts, 
appears  to  be  essential  for  osteoclast-mediated  collagen  type-I 
degradation  (47).  Cathepsin  K  is  expressed  in  breast  cancer  cells 
(48),  and  we  have  reported  recently  on  detection  of  Cathepsin  K 
and  its  proteolytic  activity  in  CaP  tissues  and  CaP  cell  lines  (49). 
In  the  studies  presented  here,  ZA  treatment  decreased  expres¬ 
sion  of  Cathepsin  K  in  PC-3  cells  in  bone.  Reduced  expression 
of  Cathepsin  K  could  also  play  a  role  in  reduced  degradation  of 
bone  by  PC-3  tumors  treated  with  ZA.  However,  the  signifi¬ 
cance  of  unchanged  levels  of  Cathepsin  K  in  LuCaP  23.1  under 
ZA  treatment  needs  to  be  determined.  The  difference  between 
these  two  CaP  xenografts  suggests  that  more  than  one  mecha¬ 
nism  may  be  involved  in  the  action  of  ZA  and  that  the  effective 
mechanisms  may  depend  on  the  type  of  tumor. 

To  characterize  additionally  the  direct  effects  of  ZA  on 
CaP  xenografts  in  vivo,  we  examined  expression  of  metallopro- 
teinases  MMP-2  and  MMP-9,  which  are  implicated  in  tumor  cell 
migration,  invasion,  and  bone  extracellular  matrix  degradation 
in  CaP  tumors.  Boissier  et  al  (20)  showed  that  BPs  affect 
invasiveness  of  breast  and  CaP  cells.  They  associated  this  with 
inhibitory  effects  of  BPs  on  the  proteolytic  activities  of  MMP-2, 
MMP-9,  and  MMP-12,  but  the  actual  production  of  MMP  was 
unaffected.  Teronen  et  al  (50)  also  reported  decreased  activity 
without  decreased  expression  of  MMP  after  BP  treatment.  We 
were  unable  to  detect  any  proteolytic  activity  of  MMP-2  and 
MMP-9  in  the  culture  medium  of  CaP  cells  (data  not  shown), 
but  we  did  observe  reduced  expression  of  MMPs  2  and  9  in 
osteolytic  PC -3  tumors  (but  not  in  LuCaP  23.1  tumors)  by 
immunohistochemistry.  This  represents  a  possible  mechanism 
whereby  ZA  could  directly  inhibit  the  osteolytic  activity  of  CaP 
tumors.  In  agreement  with  our  results,  Nemeth  et  al  (51)  re¬ 
ported  recently  inhibition  of  PC-3  tumor-induced  bone  lysis  by 
MMP  inhibitors,  additionally  suggesting  the  importance  of 
MMP  in  CaP  lytic  lesions. 

In  conclusion,  we  have  shown  that  ZA  has  antiprolifera¬ 
tive,  apoptotic,  and  cytostatic  effects  on  CaP  cells  in  vitro. 
Significantly,  ZA  also  has  inhibitory  effects  on  the  growth  of 
CaP  osteoblastic  and  osteolytic  bone  metastases  in  an  animal 
model,  but  we  observed  no  inhibitory  effects  on  CaP  tumors 
outside  of  the  bone  milieu.  The  observation  that  ZA  causes  a 
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Fig.  7  Presence  of  MM  P-2  and  MMP-9  immunoreactivity  in  PC-3  in  tibiae  after  administration  of  ZA.  Effects  of  ZA  on  expression  of  MMP-2  and 
MMP-9  enzymes  involved  in  degradation  of  bone  extracellular  matrix  were  examined  by  immunohistochemistry.  Representative  examples  of  MMP-2 
(A)  and  MMP-9  (B)  immunoreactivity  in  tibiae  after  ZA  administration  are  shown.  Both  regimens  of  ZA  administration  appear  to  reduce 
immunoreactivity  of  MMP-2  and  MMP-9  in  osteolytic  PC-3  metastases,  suggesting  possible  mechanisms  of  direct  effects  of  ZA  on  PC-3  cells 
resulting  in  decreased  bone  lysis. 


reduction  in  expression  of  enzymes  involved  in  bone  degrada¬ 
tion  by  PC-3  cells  suggests  a  range  of  mechanisms  by  which  ZA 
may  inhibit  CaP-induced  bone  lysis. 
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ABSTRACT 

Prostate  cancer  (CaP)  is  the  most  commonly  diagnosed  malignancy  in  men  and  is  often  associated  with  bone 
metastases,  which  cause  much  of  the  morbidity  associated  with  CaP.  Lesions  associated  with  CaP  generally 
exhibit  increased  bone  formation  and  resorption.  Increased  bone  resorption  may  release  factors  from  the 
extracellular  matrix  that  contribute  to  tumor  growth.  Cathepsin  K  (cat  K)  is  a  cysteine  protease  that  exhibits 
strong  degradative  activity  against  the  extracellular  matrix  and  is  involved  in  osteoclast-mediated  bone 
destruction.  In  this  study,  we  analyzed  the  expression  of  cat  K  in  CaP  cell  lines  and  patient  samples.  Cat  K 
message  was  detected  in  CaP  cell  lines  by  reverse  transcription-polymerase  chain  reaction  (RT-PCR)  and  in 
primary  CaP  and  metastases  by  in  situ  hybridization.  Immunohistochemistry  revealed  variable  expression  of 
cat  K  in  primary  CaP  samples,  as  well  as  nonosseous  metastases,  whereas  expression  in  bone  metastases  was 
significantly  higher  than  in  primary  CaP,  and  normal  prostate  tissues  were  negative.  Cat  K  protein  was 
detected  in  CaP  cell  lines  by  Western  blotting  after  immunoprecipitation.  Cat  K  enzymatic  activity  was  also 
detected  in  CaP  cell  lines  by  a  fluorogenic  assay  and  by  an  assay  for  degradation  of  collagen  type  I.  Increased 
levels  of  NTx,  a  marker  of  bone  matrix  degradation  mediated  primarily  by  cat  K,  were  also  detected  in  sera 
of  patients  with  CaP  bone  metastases.  We  hypothesize  that  CaP-expressed  cat  K  may  contribute  to  the  invasive 
potential  of  CaP,  while  increased  expression  in  bone  metastases  is  consistent  with  a  role  in  matrix  degradation. 
(J  Bone  Miner  Res  2003;18:222-230) 

Key  words:  cathepsin  K,  prostate  cancer,  bone  metastases,  cysteine  proteases 


INTRODUCTION 

Bone  is  the  second  most  common  site  of  metastasis  (after 
lymph  nodes)  for  prostate  cancer  (CaP).  Although  most 
CaP  bone  metastases  are  considered  osteoblastic,  based  on 
patterns  observed  on  radiographs,  there  is  evidence  that 
markers  of  bone  resorption  are  elevated  in  patients  with  CaP 
bone  lesions  .(l“3)  Detailed  studies  of  bone  metastases  using 
histomorphometry  have  also  demonstrated  that  radiograph¬ 
ically  sclerotic  lesions  exhibit  both  bone  formation  and 
resorption .(4~7)  Recently  it  has  been  established  that  various 
cancers,  including  breast  and  prostate,  support  osteoclasto- 
genesis  through  expression  of  the  receptor  activator  of 
NF-kB  ligand  (RANKL),(8_10)  providing  one  possible 
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mechanism  to  explain  the  increased  bone  resorption  ob¬ 
served  with  bone  metastases.  In  addition  to  supporting  os¬ 
teoclast  formation,  it  has  been  demonstrated  that  CaP  ex¬ 
presses  proteases  that  degrade  matrix  proteins,  representing 
another  potential  mechanism  of  increased  bone  matrix  deg¬ 
radation  associated  with  bone  metastases.  In  1998,  Sanchez - 
Sweatman  et  al.(11)  reported  that  a  CaP  cell  line,  PC-3, 
degrades  bone  extracellular  matrix  and  mineralized  bone  in 
vitro  by  secreting  matrix  metalloproteinases  (MMPs).  Nem¬ 
eth  et  al.(12)  demonstrated  that  MMP  inhibitors  prevented 
bone  degradation  in  a  PC-3 -human  bone-SCID  mouse 
model.  They  observed  that  PC-3  tumors  expressed  MMPs  in 
vivo,  raising  the  possibility  that  the  tumor  cells  participate 
in  the  process  of  bone  turnover  through  expression  of  pro¬ 
teases. 

Cathepsin  K  (cat  K)  is  a  cysteine  protease  secreted  by 
osteoclasts  that  degrades  extracellular  matrix  during  bone 
resorption.  Its  significance  in  bone  remodeling  is  demon¬ 
strated  by  the  osteopetrotic  phenotype  observed  in  knockout 
studies. (13)  Cat  K  has  one  of  the  highest  matrix  degradation 
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activities  known,  cleaving  type  I  collagen  with  higher  effi¬ 
ciency  than  other  cathepsins  and  MMPs,  and  its  elastino- 
lytic  activity  is  higher  than  that  of  cat  L  and  pancreatic 
elastase/14,15)  Because  of  its  ability  to  destroy  matrix  com¬ 
ponents  efficiently,  cat  K  and  some  of  its  family  members 
have  been  implicated  in  diseases  involving  bone  and  carti¬ 
lage  destruction,  including  tumor  invasion06 "19)  and  rheu¬ 
matoid  arthritis/20,20 

While  its  proteolytic  activity  is  strongest  at  low  pHs  as  in 
the  lacunae  of  osteoclasts/22)  cat  K  can  also  degrade  extra¬ 
cellular  matrix  components  at  neutral  pHs,  suggesting  a 
general  role  in  tissue  destruction  and  remodeling/20  In 
addition  to  the  strong  expression  observed  in  osteoclasts,  cat 
K  protein  has  been  detected  in  breast  cancer, (24)  sites  of 
granulomatous  inflammation,00  human  lung,0<5)  thyroid  ep¬ 
ithelial  cells,00  human  endometrium/20  and  mouse  ovary°9) 

In  this  study,  we  report  detection  of  cat  K  message  and 
protein  in  samples  representing  various  stages  of  CaP  pro¬ 
gression  and  show  that  cat  K  expressed  by  CaP  cells  pos¬ 
sesses  enzymatic  activity.  Our  data  suggest  that  cat  K  de¬ 
rived  from  CaP  cells  may  play  a  role  in  tumor  invasiveness 
and  extracellular  bone  matrix  degradation. 

MATERIALS  AND  METHODS 

Tissue  culture 

CaP  cell  lines,  DU  145,  PC-3,  B-PC-3,  N-PC-3,  LNCaP, 
C4,  and  C4-2  were  cultured  in  RPMI-1640  medium  (Life 
Technologies,  Gaithersburg,  MD,  USA)  supplemented  with 
10%  FBS  (Life  Technologies)  at  37°C  under  standard  con¬ 
ditions.  Murine  osteoclasts  were  generated  from  bone  mar¬ 
row  of  Balb/c  mice  (Charles  River,  Hollister,  CA,  USA)  as 
follows.  Femur  marrow  cavities  were  flushed  five  to  six 
times  with  phenol  red -free  MEM  (Life  Technologies),  and 
cells  were  centrifuged  at  500g  and  plated  at  a  density  of  1  X 
106  cells  per  9.6  cm2  well.  Cells  were  cultured  in  MEM 
supplemented  with  2%  FBS,  30  ng/ml  colony- stimulating 
factor-1  (CSF-1;  R&D  Systems,  Minneapolis,  MN,  USA), 
and  50  ng/ml  RANKL  (Chemicon,  Temecula,  CA,  USA)  for 
5-6  days.  Media  was  replaced  every  third  day  of  culture. 
Osteoclast  formation  was  confirmed  by  detection  of 
TRACP+  multinucleated  cells  (TRACP  assay,  Sigma,  St. 
Louis,  MO,  USA)  after  5-6  days  in  culture,  and  the  appear¬ 
ance  of  resorptive  activity  on  dentine  wafers  (Immunodiag- 
nostic  Systems  Ltd.,  Boldon,  UK). 

Tissue  samples 

Human  prostate  tissue  samples  used  in  this  study  were 
obtained  from  organ  donors  (n  =  2),  radical  prostatectomies 
( n  =  16),  or  rapid  autopsies  (n  =  14).  Tissues  were  fixed  in 
10%  buffered  formalin  and  embedded  in  paraffin.  Bone 
samples  were  fixed  in  formalin  and  decalcified  in  5%  formic 
acid  before  embedding.  Five-micrometer  sections  were  used 
for  immunohistochemistry  (IHC)  and  in  situ  hybridization 
(ISH).  Slides  were  baked  at  60°C  overnight  before  depar- 
affinization  in  xylene  (X3)  and  rehydration  in  a  series  of 
100%,  95%,  and  70%  ethanol  (EtOH)  rinses.  Tissue  integ¬ 
rity  was  assessed  by  hematoxylin  and  eosin  staining,  and  the 
presence  of  CaP  cells  was  assessed  by  prostate  specific 
antigen  (PSA)  staining. 


RT-PCR 

Total  RNA  was  isolated  from  CaP  cell  lines  using  STAT 
60  (Tel-Test,  Friendswood,  TX,  USA)  according  to  the 
manufacturer's  instructions.  cDNA  was  generated  from  1 
jig  total  RNA  using  Moloney  murine  leukemia  virus 
(MMLV)  reverse  transcriptase  (Clontech,  Palo  Alto,  CA, 
USA)  with  random  hexamers.  A  399-bp  fragment  of  cat  K 
(bps  906-1305,  accession  no.  X82153)  was  amplified  using 
primers:  5  '-CAGCAAAGGTGTGTATTATGATGAAAGC 
and  3 '  -  ATGGGTGGAGAGA  AGC  A  A  AGTAGGA  AGG. 
Beta2 -microglobulin  cDNA  was  amplified  as  a  control  for 
RNA  quality,  and  polymerase  chain  reaction  (PCR)  condi¬ 
tions  were  as  previously  reported00;  1  cycle  at  80°C  for 
3  minutes,  and  then  30-35  cycles  of  94°C  for  10  s,  69°C 
for  1  minute,  and  a  final  extension  period  at  72°C  for  7 
minutes. 

ISH 

The  399-bp  amplicon  of  cat  K  was  cloned  into  the 
pGEM-T  vector  (Promega,  Madison,  WI,  USA).  DNA  se¬ 
quencing  was  used  to  confirm  the  identity  and  determine  the 
orientation  of  the  insert.  Purified  plasmid  was  linearized 
using  either  Ncol  or  Notl  and  digoxigenin -labeled  anti-sense 
and  sense  riboprobes  were  generated  using  a  T7  and  SP6  in 
vitro  transcription  kit  (Roche,  Indianapolis,  IN,  USA).  The 
probes  were  separated  on  a  1 .2%  agarose  gel,  and  relative 
amounts  of  RNA  were  quantified  using  a  digital  image 
analyzer  (Alpha  Innotech  Corp.,  San  Leandro,  CA,  USA). 
ISH  was  performed  using  the  Ventana  gen11  automated  ISH 
system  (Ventana  Medical  Systems,  Tuscon,  AZ,  USA). 
Hybridization  was  performed  using  25  ng/slide  sense  or 
anti-sense  riboprobes  at  45°C  for  5  h  in  hybridization  buffer 
(8  mM  Tris,  pH  8.0,  50%  deionized  formamide,  10%  dex- 
tran  sulfate,  IX  Denhardt’s  solution,  0.3  M  NaCl,  0.8  mM 
EDTA,  2  mg/ml  yeast  tRNA,  10.0  mM  DTT),  with  subse¬ 
quent  rinses  of  2X,  IX,  IX  SSC  buffer  at  45 °C.  An 
anti-digoxigenin  monoclonal  antibody  (1 :2000;  Sigma)  was 
used  with  biotinylated  rabbit  anti-mouse  antibodies, 
streptavidin-horseradish  peroxidase  (HRP),  and  diamino- 
benzidine  (DAB)  as  the  substrate.  Sections  were  counter- 
stained  with  Harris’  hematoxylin  before  mounting. 

IHC 

Endogenous  peroxidase  was  quenched  by  incubation  of 
tissues  in  0.3%  hydrogen  peroxide  in  PBS  for  10  minutes. 
Nonspecific  binding  was  blocked  with  serum  block  (5% 
goat,  5%  horse,  5%  rabbit  sera)  in  PBS  for  1  h  at  room 
temperature.  Endogenous  biotin  was  blocked  using  an 
avidin/biotin  blocking  kit  (Vector  Laboratories,  Burlin¬ 
game,  CA,  USA).  An  affinity  purified  chicken  antibody 
against  human  cat  K  (Immunodiagnostic  Systems  Ltd.)  was 
applied  at  40  ng/ml,  and  the  sections  were  incubated  over¬ 
night  at  4°C  in  a  humidified  chamber.  Negative  control 
sections  were  incubated  with  isotype-matched  chicken  IgY 
(Jackson  ImmunoResearch  Laboratories,  West  Grove,  PA, 
USA).  Sections  were  incubated  with  biotin-conjugated  rab¬ 
bit  anti-chicken  antibodies  (1:250,  Chemicon)  for  30  min¬ 
utes  at  room  temperature  and  processed  with  an  ABC  kit 
(Vector  Laboratories)  with  DAB.  Sections  were  counter- 
stained  in  Harris  hematoxylin  and  blue  in  ammonia  water 
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before  mounting.  Giant  cell  tumor  tissues  were  used  as  a 
positive  control  for  cat  K  staining. 

Statistics  for  IHC  samples 

The  percentage  of  cat  K-positive  cells  in  tissues  was 
assessed  as  0%,  1-25%,  25-50%,  50-75%,  or  75-100%  by 
a  pathologist,  who  was  blinded  to  the  samples,  and  assigned 
values  of  0,  1,  2,  3,  or  4,  respectively.  Immunoreactivity  in 
primary  CaP  and  nonosseous  and  osseous  metastases  were 
compared  using  a  one-way  ANOVA  with  a  Bonferroni’s 
comparison  posttest 

Immunoprecipitation  of  cat  K 

Approximately  500  pg  CaP  tissue  or  5  X  106  LNCaP  or 
PC-3  cells  were  homogenized  in  1.0  ml  lysis  buffer  (10  mM 
Tris,  pH  7.4,  50  mM  NaCl,  0.25%  Triton  X-100,  0.25% 
sodium  deoxycholate,  0.5%  CHAPS,  and  Complete  pro¬ 
tease  inhibitors)  and  centrifuged  for  20  minutes  at  14,000 
rpm  before  immunoprecipitation.  Cat  K  protein  was  immu- 
noprecipitated  overnight  at  4°C  using  a  mixture  of  mouse 
monoclonal  anti-cat  K  antibodies  CP1A240.2  and 
CP1K338.4  (0.25  mg  each,  a  gift  from  Beckman  Coulter 
Inc.,  Fullerton,  CA,  USA),  which  were  bound  to  protein  G 
Sepharose  beads  (Pierce,  Rockford,  IL,  USA).  After  exten¬ 
sive  washes  to  release  unbound  proteins,  cat  K  was  eluted 
from  the  column  as  recommended  by  the  manufacturer.  The 
eluted  protein  was  separated  on  a  15%  SDS-PAGE  gel  and 
transferred  to  polyvinylidene  difluoride  (PVDF)  at  100  V 
for  1  h.  Cat  K  protein  was  detected  using  a  mouse  mono¬ 
clonal  antibody  CP1A713  (0.25  /xg/ml,  a  gift  from  Beck¬ 
man  Coulter  Inc.).  MOPC21  (Sigma),  an  unrelated  mouse 
monoclonal  antibody,  was  used  as  a  negative  control.  Blots 
were  incubated  with  goat  anti-mouse-HRP  conjugated  sec¬ 
ondary  (1 :3000;  Santa  Cruz  Biotechnology  Inc.,  Santa  Cruz, 
CA,  USA)  antibody  and  Amersham  ECL  (Piscataway,  NJ, 
USA)  was  used  for  detection  with  Kodak  X-OMAT  AR  film 
(Rochester,  NY,  USA). 

Cleavage  of  Z-GPR-MCA 

After  tissue  culture  (see  above)  CaP  cells  (~l-3  X  106) 
or  osteoclasts  (Oc,  ~105)  were  lysed  in  1.0  ml  assay  buffer 
(50  mM  sodium  acetate,  pH  5.5,  2.5  mM  dithiothreitol  and 
2,5  mM  EDTA)  on  ice  containing  1.0%  Triton  X-100. 
Protein  levels  were  determined  using  the  Bio-Rad  DC  pro¬ 
tein  assay  kit  (Bio-Rad,  Hercules,  CA,  USA).  One  hundred 
microliters  lysate  (corresponding  to  150-200  pg  protein  for 
CaP  cell  lines  and  5-10  tig  for  osteoclasts)  was  added  to 
400  pi  assay  buffer,  or  buffer  containing  either  a  general 
cysteine  protease  inhibitor  E64  (L-trans-epoxy-succinyl- 
Leu-4-guanidinobutylamide;  Calbiochem,  San  Diego,  CA, 
USA)  or  a  cathepsin  B  inhibitor,  CA  074  (L-trans-epoxy- 
succinyl-Ile-Pro-OH  propylamide;  Calbiochem).  Reaction 
tubes  were  incubated  for  30  minutes  at  room  temperature 
before  the  addition  of  10  /xl  of  4  X  10“3  M  Z-GPR-MCA 
(benzyloxycarbonyl-Gly-Pro-Arg-7-amido-4-methylcoumarin, 
80  pM  final  concentration;  Bachem,  King  of  Prussia,  PA, 
USA).  The  reactions  were  placed  at  37°C  (10  minutes  for  Oc, 
30  minutes  for  LNCaP  and  DU  145,  and  75  minutes  for  PC-3) 
and  terminated  by  addition  of  500  /xl  of  stopping  reagent  (100 
mM  sodium  monochloroacetate,  30  mM  sodium  acetate,  70 


mM  acetic  acid,  pH  4.3).  Cleavage  of  the  substrate  was  mea¬ 
sured  by  the  fluorescent  emission  of  the  free  aminomethylcou- 
marin  at  470  nm  (excitation,  360  nm).  A  standard  curve  was 
generated  with  7 -amino-4-methylcoumarin  (0.01-5  pM)  to 
calculate  the  amount  of  coumarin  released.  Human  liver  ca¬ 
thepsin  B  (200  ng,  Calbiochem)  was  used  to  determine  the 
dose  response  to  CA  074. 

Type  I  collagen  degradation  assay 

Lysates  from  PC-3,  LNCaP,  DU  145,  and  osteoclasts 
(200  p\  total  volume,  150  pg  protein;  10  pg  for  Oc), 
prepared  in  the  same  assay  buffer  used  in  the  Z-GPR-MCA 
experiments,  were  added  to  wells  in  a  96- well  plate  coated 
with  1.2  /xg/ml  purified  rat  type  I  Af-[propionate-2,3- 
3H]propionylated  collagen  (NEN  Life  Science  Products, 
Boston,  MA,  USA).  After  a  6-h  incubation  at  37°C,  75  pi  of 
the  reaction  was  collected,  3  ml  CytoScint  scintillation 
cocktail  (ICN,  Costa  Mesa,  CA,  USA)  was  added,  and 
release  of  degradation  products  of  collagen  was  measured 
using  a  Beckman  LS-3801  beta  spectrometer  (Beckman 
Coulter  Inc.).  Lysates  were  also  treated  with  E64  (1  pM)  to 
inhibit  cysteine  protease  activity.  Samples  were  run  in  trip¬ 
licate  in  three  separate  experiments.  The  experimental  data 
are  presented  as  the  mean  ±  SEM  of  the  three  sets,  which 
have  been  normalized  to  the  maximum  signal  strength. 
Statistical  significance  between  untreated  and  1-pM  E64 
samples  was  determined  by  unpaired  r- tests. 

Bone  resorption  pit  assay 

LNCaP  and  PC-3  (50,000  cells/well)  were  cultured  on 
dentine  wafers  (Immunodiagnostic  Systems  Ltd.)  in  24-well 
plates  with  1  ml  RPMI  1640  4-  10%  FBS.  Osteoclasts, 
generated  as  described  in  the  tissue  culture  section,  were 
used  as  a  positive  control  for  resorption.  After  5-6  days  of 
culture,  the  media  was  removed  and  replaced  with  1  M 
NH4OH  for  30  minutes.  The  dentine  wafers  were  then 
cleaned  by  ultrasonication  for  30  minutes  and  stained  with 
hematoxylin  (Zymed,  South  San  Francisco,  CA,  USA)  for  1 
minute  and  washed  with  distilled  water.  Resorption  pits 
were  visualized  under  transmitted  light. 

N-telopeptides  of  type  I  collagen  ELISA 

Cross  linked  N-telopeptides  of  type  I  collagen  (NTx) 
were  measured  in  serum  samples  from  CaP  patients  using 
the  Osteomark  assay  kit  (Ostex  International  Inc.,  Seattle, 
WA,  USA).  Serum  samples  were  obtained  from  10  donors 
(mean  PSA  =  1.09  ±  0.16);  10  patients  with  organ- 
confined  CaP,  stages  T2a.c  or  Tlc  (mean  PSA  -  7.43  ± 
1 .16);  5  patients  with  bone  metastases  who  had  not  received 
any  treatment  (mean  PSA  =  557.6  ±  173.3);  8  patients  with 
bone  metastases  who  had  received  one  or  more  treatments 
for  CaP,  including  androgen  ablation,  chemotherapy  or  ra¬ 
diation  (mean  PSA  =  1087  ±  464);  and  6  patients  who  had 
received  bone  resorption  inhibitors  in  addition  to  other 
treatments  listed  above  (mean  PSA  -  4097  ±  1729).  All 
patients  gave  informed  consent.  The  majority  of  the  patients 
used  for  this  assay  were  the  same  patients  used  in  the  ISH 
and  IHC  studies.  NTx  levels  were  compared  for  statistical 
significance  using  a  one-way  ANOVA  with  a  Bonferroni’s 
comparison  posttest 
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FIG.  1.  Detection  of  cat  K  message  in  CaP  by 
RT-PCR.  The  399-bp  amplicon  was  detected  in 
DU  145,  PC-3,  sublines  B-PC-3  and  N-PC-3, 
LNCaP,  and  sublines  C4  and  C4-2. 


FIG.  2.  Localization  of  cat  K  mRNA  in  CaP  tissues  by  in  situ  hybridization.  Representative  samples  of  localized  CaP  demonstrated  cat  K 
message  in  (A)  secretory  epithelial  cells  and  occasionally  in  basal  and  luminal  cells  of  normal  glands  (arrowhead.  A).  Cat  K  message  was  also 
detected  in  (B)  CaP  metastases,  such  as  the  lymph  node  (LN)  metastasis,  and  (C)  the  osseous  metastasis.  (D-F)  The  sense  controls  for  each  tissue. 
Magnification,  X50. 


RESULTS 

Expression  of  cat  K  mRNA 

Cat  K  mRNA  was  detected  in  all  CaP  cell  lines  tested, 
which  include  the  androgen -independent  cell  lines  DU  145 
and  PC-3,  the  PC-3  sublines,  B-PC-3  and  N-PC-3,  the 
androgen-sensitive  cell  line  LNCaP,  and  its  androgen- 
independent  sublines  C4  and  C4-2  by  RT-PCR  (Fig.  1).  In 
addition,  the  presence  of  cat  K  mRNA  was  assessed  in  2 
samples  of  normal  prostate  from  organ  donors,  7  localized 
CaP  tumors,  and  25  metastatic  samples  from  7  patients  by 
ISH.  ISH  demonstrated  the  presence  of  cat  K  mRNA  in 
epithelial  cells  of  primary  CaP  in  5  of  7  samples  (Fig.  2A), 
while  a  moderate  signal  was  observed  in  basal  and  luminal 
cells  of  normal  glands  (3/7,  Fig.  2A,  arrow)  adjacent  to  the 
cancer.  Samples  of  normal  prostate  from  organ  donors  were 
negative.  Cat  K  mRNA  was  detected  in  nonosseous  metas¬ 
tases  including  liver  (2/2),  lymph  node  (2/3,  Fig.  2B),  and 
lung  (1/1),  and  15/19  osseous  CaP  metastases  (Fig.  2C). 


When  present,  osteoclasts  were  intensely  positive  for  cat  K 
message.  Cat  K  mRNA  was  not  observed  in  stromal  fibro¬ 
blasts,  stromal  smooth  muscle,  or  vascular  smooth  muscle. 
Staining  with  the  sense  probe  was  negative  (Figs.  2D-2F). 

Cat  K  protein  expression  in  CaP 

The  presence  of  cat  K  protein  was  assessed  in  14  samples 
of  localized  CaP  and  in  52  metastases  from  14  patients. 
Immunohistochemistry  revealed  the  presence  of  cat  K  pro¬ 
tein  in  the  epithelial  cells  of  cancerous  glands  in  6/14 
primary  CaP  samples  (Fig.  3A).  Normal  glands  adjacent  to 
CaP  were  negative.  Cat  K  protein  was  also  detected  in 
metastases  to  liver  (3/4),  lung  (3/3),  adrenal  (1/1),  and 
lymph  node  (4/10,  Fig.  3B);  however  the  immunoreactivity 
in  these  samples  was  variable,  ranging  from  no  staining  to 
100%  positivity.  Osseous  metastases  were  positive  for  cat  K 
protein  expression  in  30/34  samples  (Fig.  3C).  Intense  im¬ 
munoreactivity  for  cat  K  was  observed  in  osteoclasts  in  CaP 
bone  metastases  (Fig.  3C,  arrow).  A  giant  cell  tumor  was 
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FIG.  3.  Immunolocalization  of  cat  K  protein  in  CaP  tissues.  Cat  K  protein  was  detected  in  (A)  cancerous  glands  (arrow)  of  ~  40%  of  the  patients 
tested,  whereas  normal  glands  (N)  were  negative.  CaP  metastases  were  generally  positive  for  cat  K  protein  as  observed  in  (B)  the  LN  metastasis 
and  (C)  the  bone  metastasis.  Osteoclasts  in  bone  metastases  were  also  strongly  positive  (arrow,  C).  (D)  Giant  cell  tumor  was  used  as  a  positive 
control  for  cat  K  immunoreactivity.  (E-H)  The  negative  control  sections.  Magnification,  X50. 


used  as  the  positive  control  for  cat  K  staining  (Fig.  3D). 
Table  1  summarizes  IHC  results  for  metastases  from  nine 
patients  in  which  multiple  metastatic  sites  were  evaluated. 
The  percentage  of  tumor  cells  exhibiting  cat  K  immunore¬ 
activity  in  osseous  metastases  was  significantly  higher  than 
in  primary  CaP  (p  <  0.05)  and  nonosseous  (p  <  0.001) 
samples.  The  percentages  of  tumor  cells  exhibiting  cat  K 
immunoreactivity  in  primary  CaP  versus  nonosseous  me¬ 
tastases  were  not  significantly  different  (p  >  0.05). 

To  confirm  the  presence  of  cat  K  protein  in  CaP,  we 
performed  Western  blot  analysis  of  cell  lysates  from  CaP 
cell  lines  LNCaP  and  PC-3,  and  CaP  tissues  that  were 
positive  by  IHC.  We  were  unable  to  detect  the  cat  K  protein 
under  these  conditions.  Therefore,  we  immunoprecipitated 
cat  K  from  CaP  cells  lines  and  CaP  tissues  to  obtain  more 
concentrated  samples.  After  this,  a  40-kDa  band  was  labeled 
in  blots  from  CaP  tissues  (Fig.  4A,  arrow)  and  LNCaP  and 
PC-3  cell  lines  (Fig.  4B,  arrow).  The  40-kDa  protein  is  most 
likely  the  proform  of  cat  K.(23,31)  The  light  chain  band  in 
Fig.  4B  would  be  expected  to  mask  the  active  form  of  cat  K 
band  at  28  kDa,  but  when  non -denaturing  gels  were  run  as 
in  Fig.  4A,  we  still  did  not  observe  a  band  at  28  kDa. 

Cat  K  enzymatic  activity 

The  presence  of  cat  K  enzymatic  activity  in  CaP  cells  was 
evaluated  using  Z-GPR-MCA,  a  substrate  that  is  highly 
selective  for  cat  K  versus  cathepsins  L  and  S.(23,31)  Z-GPR- 
MCA  cleavage  activity  was  detected  in  LNCaP,  PC-3,  and 
DU  145  cell  lines  (Table  2).  Because  cathepsin  B  (cat  B) 
also  cleaves  Z-GPR-MCA,  but  at  a  much  lower  rate,  the 
portion  of  the  activity  caused  by  cat  B  was  determined  using 
the  cat  B  inhibitor  CA  074.  CA  074  blocked  approximately 
75%  of  the  activity  in  LNCaP  and  DU  145,  and  50%  of  the 
activity  in  PC-3.  The  remaining  activity  was  inhibited  by  a 
general  cysteine  protease  inhibitor,  E64,  suggesting  that  it 
was  caused  by  cat  K.  For  inhibition  of  cat  B  activity,  we 
used  50  nM  CA  074,  a  concentration  determined  from 


dose-response  experiments.  Fifty  nanomolar  CA  074  inhib¬ 
ited  purified  human  cat  B  activity  with  the  Z-GPR-MCA 
substrate  and  a  specific  cat  B  substrate,  Z-RR-MCA  (data 
not  shown)  as  effectively  as  E64.  LNCaP  and  DU  145 
exhibited  2.5-  to  3-fold  more  Z-GPR-MCA  cleavage  activ¬ 
ity  than  PC -3  after  inhibition  of  cat  B.  Activity  of  cat  K  in 
osteoclast  lysates,  which  were  used  as  the  positive  control, 
was  approximately  50-fold  higher  (normalized  to  protein) 
than  in  the  LNCaP  and  DU  145  CaP  cell  lines.  Because  our 
osteoclast  purity  was  30-50%  as  determined  by  TRAP 
staining,  the  cat  B  activity  in  this  preparation  is  most  likely 
caused  by  contaminating  mononuclear  cells,  because  oste¬ 
oclasts  express  low  levels  of  cat  B.(32,33) 

We  have  also  evaluated  whether  CaP  cells  exhibit  pitting 
activity  using  dentine  wafers.  We  were  unable  to  detect 
pitting  capabilities  of  CaP  cells;  osteoclasts  were  used  as  a 
positive  control  (data  not  shown).  Because  cat  K  can  de¬ 
grade  type  I  collagen,  we  also  performed  experiments  to 
determine  whether  CaP  cells  can  degrade  collagen.  We 
observed  type  I  collagen -degradation  activity  in  LNCaP, 
DU  145,  and  osteoclast  lysates  under  the  same  assay  con¬ 
ditions  used  in  the  Z-GPR-MCA  assay  (Fig.  5).  PC-3  lysates 
were  unable  to  degrade  collagen  under  the  conditions  used. 
The  general  cysteine  protease  inhibitor  E64  blocked  approx¬ 
imately  50%  of  the  cleavage  activity  in  LNCaP,  DU  145, 
and  osteoclast  lysates,  confirming  that  the  activity  is  attrib¬ 
utable  to  cysteine  proteases. 

NTx  levels  in  sera  from  CaP  patients 

Increased  type  I  collagen  degradation  associated  with 
CaP  bone  metastases  was  demonstrated  by  measuring  NTx 
levels  in  the  sera  of  patients  with  either  organ-confined  CaP 
or  CaP  bone  metastases  (Fig.  6).  The  levels  in  patients  with 
bone  metastases  who  received  treatment  for  CaP,  including 
androgen  ablation,  which  has  been  reported  to  increase  bone 
resorption, (34,35)  were  statistically  significant  from  the  nor¬ 
mal  donors  (p  <  0.001)  and  primary  CaP  (p  <  0.01;  Table 
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Table  1.  Cat  K  IHC  Results  for  CaP  Metastases 
of  Nine  Patients 


Patient 

Tissue  metastasis 

%  Positive 

1 

Bone 

0 

Bone 

25-50 

Adrenal 

50-75 

Lymph  node 

0 

Liver 

50-75 

2 

Bone 

1-25 

Bone 

50-75 

Lymph  node 

0 

Lymph  node 

0 

3 

Bone 

50-75 

Bone 

50-75 

Bone 

75-100 

Bone 

75-100 

Lymph  node 

1-25 

4 

Bone 

75-100 

Bone 

75-100 

Bone 

75-100 

Lymph  node 

75-100 

Liver 

75-100 

5 

Bone 

75-100 

Bone 

50-75 

Bone 

75-100 

Lung 

1-25 

Lymph  node 

0 

Lymph  node 

0 

6 

Bone 

25-50 

Lymph  node 

75-100 

Lymph  node 

25-50 

Liver 

75-100 

7 

Bone 

75-100 

Bone 

50-75 

Lung 

50-75 

8 

Bone 

25-50 

Liver 

0 

9 

Bone 

1-25 

Lung 

25-50 

The  percentage  of  cat  K  positive  CaP  in  multiple  metastases  from  nine 
patients  are  presented. 


3).  NTx  levels  in  patients  with  bone  metastases  who  were 
not  treated  for  CaP  were  statistically  significant  from  the 
normal  controls  (p  <  0.05). 

DISCUSSION 

In  this  study,  we  present  data  suggesting  that  cat  K,  a 
cysteine  protease  normally  associated  with  osteoclastic 
bone  resorption,  is  associated  with  CaP  progression.  The 
presence  of  cat  K  in  primary  CaP  is  consistent  with  a 
possible  role  in  matrix  degradation  via  digestion  of  type  I 
collagen,  before  dissociation  and  dissemination.  However, 
the  same  enzymatic  activity  at  metastatic  sites  in  the  bone 
may  promote  establishment  of  micrometastases  and  may 
also  lead  to  release  of  factors  supporting  tumor  growth. 

We  observed  cat  K  protein  in  cancerous  glands  of  ap¬ 
proximately  40%  of  the  primary  CaP  tissues  tested,  exhib¬ 
iting  no  correlation  with  Gleason  score  or  cancer  grade. 
Although  prostate  basement  membrane  consists  primarily  of 
type  IV  collagen(36,37)  and  laminin, (38,39)  Bums-Cox  et 


Heavy  Chain 


◄r 


Light  Chain 


PC-3  LN  Cti 

FIG.  4.  Im munoprec ip itati on  of  cat  K  from  CaP  tissues  and  cell  lines. 
(A)  Cat  K  was  immunoprecipitated  from  a  pool  of  CaP  tissues  and  run 
on  a  15%  non-denaturing  SDS-PAGE  gel.  After  transfer  to  PVDF,  the 
blot  was  probed  for  cat  K  with  antibody  clone,  CPI A7 13.  A  40-kDa 
band  was  labeled  (arrow),  corresponding  to  the  size  of  the  proform  of 
cat  K.  A  control  mouse  antibody,  MOPC  21,  was  used  to  label  the  same 
samples.  The  immunoprecipitating  IgG  is  labeled,  and  molecular 
weight  markers  are  noted  to  the  left  of  the  blot  (B)  Cat  K  was 
immunoprecipitated  from  LNCaP  (LN)  and  PC-3  cell  lysates  and  run 
on  a  12%  SDS-PAGE  denaturing  gel  and  transferred  to  PVDF.  A 
40-kDa  band  (arrow)  was  also  detected.  A  control  reaction  (Ctl)  was 
also  run,  in  which  LNCaP  cell  lysate  was  incubated  with  mouse  IgG. 
The  heavy  and  light  chains  of  the  antibody  are  labeled. 


al.(40)  observed  an  increase  in  type  I  collagen  synthesis  and 
degradation  at  the  cancer  foci  in  biopsy  specimens  from 
patients  with  primary  CaP.  Enzymes  that  cleave  type  I 
collagen,  such  as  the  cathepsins  and  MMPs,  are  reported  to 
be  upregulated  in  CaP/17,41"4^  Therefore,  cat  K  may  be  an 
important  factor  at  the  local  level  in  CaP  dissemination. 
However,  we  did  not  detect  a  significant  increase  in  NTx 
levels  in  CaP  patients  with  organ-confined  disease  versus 
control  samples.  A  possible  explanation  is  that  the  levels  of 
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Table  2.  Cat  K  Cleavage  Acnvmr  in  Prostate 
Cancer  Cell  Lines  and  Osteoclasts 


Activity 

CA  074  (50  nM) 

E64  (1  pM) 

Osteoclasts 

7.59 

±0.64 

1.88  ±0.43 

0.581  ±  0.36 

LNCaP 

0.150 

±  0.053 

0.038  ±  0.010 

0.017  ±  0.006 

DU  145 

0.115 

±0.045 

0.029  ±  0.006 

0.011  ±  0.002 

PC-3 

0.024 

±0.005 

0.012  ±  0.004 

0.009  ±  0.003 

Human  cat  B 

0.704 

±0.067 

0.110  ±0.017 

0.093  ±  0.015 

Cat  K  activity  was  measured  in  CaP  cell  lines,  LNCaP,  DU  145,  and  PC-3 
using  Z-GPR-MCA.  Osteoclasts  generated  from  mouse  bone  marrow  were 
used  as  a  positive  control.  CA  074  (50  nM)  blocks  cat  B  activity  and  E64 
(1  fiM )  blocks  all  cysteine  protease  activity.  Purified  human  cat  B  was  also 
used  to  demonstrate  the  effectiveness  of  the  CA  074  inhibition.  Activity 
units,  nmol  Z-GPR-MCA  cleaved/min/mg  protein. 


FIG.  5.  Type  I  collagen  degradation  activity  in  LNCaP,  DU  145,  and 
osteoclast  lysates.  LNCaP  (Ln),  DU  145  (Du),  and  osteoclast  (Oc) 
lysates  released  radiolabeled  type  I  collagen  fragments  from  coated 
wells  at  37°C  for  6  h.  The  percentage  degradation  activity  was  calcu¬ 
lated  by  normalizing  die  counts  per  minute  data,  where  untreated  (Unt) 
samples  =  100%  activity.  Data  are  presented  as  the  mean  ±  SE  from 
three  experiments.  E64  inhibited  —50%  activity  in  all  three  cell  lysates. 
The  E64  data  were  statistically  significant  from  the  untreated  samples 
as  noted  by  the  asterisk  ip  <  0.0001  [Ln],  0.0004  [Du],  and  0.0001 
[Oc]). 


cat  K  and  type  I  collagen  in  organ-confined  CaP  are  insuf¬ 
ficient  to  cause  detectable  systemic  increases  the  of  NTx 
levels.  In  the  absence  of  long-term  follow-up  information  on 
these  patients,  it  is  not  possible  to  determine  whether  the 
presence  of  cat  K  in  the  primary  tumor  is  strongly  correlated 
with  subsequent  metastasis,  but  it  is  at  least  conceivable  that 
this  enzyme  is  important  or  even  essential  for  dissemination 
of  CaP  cells  from  the  primary  tumor.  This  hypothesis  is 
supported  by  the  observation  that  metastases  in  general 
exhibited  equal  or  higher  positivity  than  the  primary  tumors 
(41/52). 

We  also  observed  higher  cat  K  immunoreactivity  in  os¬ 
seous  metastases  versus  nonosseous  and  primary  CaP.  This 
is  consistent  with  the  NTx  assay  results,  which  demon¬ 
strated  increased  matrix  degradation  in  patients  with  bone 
metastases  versus  normal  controls  and  patients  with  primary 
CaP.  Type  I  collagen  is  the  major  extracellular  matrix 
component  of  bone,  and  there  is  an  extensive  body  of 


FIG.  6.  Scatteiplot  of  NTx  levels  in  sera  from  normal  donors  and 
CaP  patients.  NTx  levels  (nM)  were  measured  in  sera  from  normal 
donors  and  CaP  patients  with  either  organ-confined  CaP,  bone  metas¬ 
tases  (mets)  without  treatments  (untreated),  bene  mets  with  treatments 
(treated),  or  bone  mets  with  bone  resorption  inhibitor  (res  inhib)  treat¬ 
ment  in  addition  to  other  treatments,  which  include  androgen  ablation, 
chemotherapy,  or  radiation.  The  horizontal  bars  represent  the  median  of 
each  group.  NTx  levels  in  untreated  and  treated  patients  with  bone  mets 
were  statistically  significant  from  the  normal  controls  ip  <  0.05  and 
p  <  0.001,  respectively),  and  the  treated  patients  with  bone  mets  were 
also  significantly  different  from  patients  with  primary  CaP  ip  <  0.01). 


Table  3.  NTx  Levels  in  Normal  Donors  and  Patients  With 
Organ-Confined  CaP  or  CaP  Bone  Metastases 


Group 

Nutnber 

of 

patients 

NTx  levels  (nM) 

Normal  donors 

10 

9.10  ± 

0.86 

Organ-confined  primary  CaP 

10 

13.8  ± 

2.97 

Bone  metastases — untreated 

5 

36.3  ± 

13.1* 

Bone  metastases — treated 

8 

46.2  ± 

8.52n 

Bone  metastases — bone  resorption 
inhibitors 

6 

25.01  ± 

5.20 

NTx  levels  were  measured  in  sera  of  normal  donors  or  patients  with 
organ-confined  CaP  or  CaP  bone  metastases.  Patients  with  bone  metastases 
were  subgrouped  based  on  whether  they  received  treatment  for  CaP  or  not 
and  whether  they  also  received  bone  resorption  inhibitors. 

*  Statistical  significance  from  normal  donors,  p  <  0.05. 

f  Statistical  significance  from  normal  donors,  p  <  0.001. 

*  Statistical  significance  from  organ-confined  primary  CaP,  p  <  0.01. 


evidence  that  type  I  collagen  breakdown  products,  including 
NTx,  are  present  at  elevated  levels  in  the  serum  and  urine  of 
patients  with  CaP  bone  metastases. (1~3,47~49)  Increased  re¬ 
sorption  associated  with  bone  metastases,  including  CaP 
bone  metastases,  is  linked  to  stimulation  of  osteoclastogen- 
esis  through  RANKL  expression/8  ”10)  Augmented  NTx 
levels  are  generally  associated  with  increased  osteoclastic 
bone  resorption  activity  because  of  cat  K  expressed  by  these 
cells,  yet  we  observed  osteoclasts  in  samples  from  only  3/14 
patients  with  advanced  CaP  bone  metastases.  Although  we 
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sample  20  bone  sites  per  patient,  it  is  possible  that  we 
missed  areas  with  extensive  bone  resorption  and  osteoclasts. 
Alternatively,  the  increased  NTx  levels  may  be  in  part 
because  of  the  breakdown  of  type  I  collagen  by  cells  other 
than  osteoclasts,  such  as  the  CaP  cells  expressing  cat  K. 

Detection  of  cat  K  mRNA  and  protein  in  CaP  tissues  and 
cell  lines  led  us  to  determine  whether  the  enzyme  was 
catalytically  active.  We  observed  that  LNCaP  and  DU  145 
had  2.5-  to  3-fold  more  activity  than  PC-3,  whereas  oste¬ 
oclasts  exhibited  50-fold  more  activity  than  LNCaP  and  DU 
145  CaP  cells  in  assays  of  Z-GPR-MCA  cleavage.  We  also 
determined  that  LNCaP  and  DU  145  lysates  exhibit  type  I 
collagen-degradation  activity,  whereas  PC-3  do  not.  When 
CaP  cells  were  plated  on  labeled  collagen  or  dentine  wafers, 
cleavage  activity  was  not  detected,  although  osteoclasts 
exhibited  activity.  Our  activity  data  suggest  that  CaP  cell 
lines  in  vitro  express  low  levels  of  cat  K,  which  seem  not  to 
be  active  in  culture  but  can  be  activated  at  a  low  pH  in 
lysates.  The  low  levels  of  cat  K  activity  in  CaP  cells 
correlated  with  our  Western  blotting/immunoprecipitation 
results:  we  detected  a  faint  40-kDa  protein,  corresponding  to 
the  proform  of  the  enzyme. (23,31)  We  were  unable  to  detect 
the  28-kDa  active  form  of  cat  K,  possibly  because  the 
quantity  immunoprecipitated  was  below  the  level  of  detec¬ 
tion.  In  addition,  the  presence  of  cystatins,  natural  inhibitors 
of  the  cathepsins,  in  CaP  cell  lines  may  also  contribute  to 
the  low  activity  observed  or  difficulty  in  immunoprecipita- 
tion.(50)  It  is  intriguing  that  PC-3  cells  had  lower  levels  of 
cat  K  activity  than  LNCaP,  because  PC-3  metastases  in 
bone  are  osteolytic/12,51)  whereas  LNCaP  lesions  exhibit 
both  bone  formation  and  resorption.1 C51)  PC-3  express 
MMPs,(12)  urokinase  plasminogen  activator, (52)  RANKL,(53) 
endotlielin-l,(54)  and  PTHrP(55) — factors  involved  in  metas¬ 
tases  to  bone  and  bone  remodeling.  The  formation  of  PC-3 
osteolytic  bone  metastases  seems  to  involve  a  complex  set 
of  mechanisms,  and  cat  K  may  play  a  very  minor  role  in  this 
case.  Moreover,  the  low  cat  K  activity  in  CaP  cell  lines  may 
not  be  representative  of  the  expression  or  activity  levels  in 
CaP  in  vivo. 

In  this  study  we  report  our  observations  of  the  expression 
of  cat  K  mRNA  and  protein  in  CaP  cell  lines  and  tissues,  as 
well  as  cat  K  activity  in  CaP  cell  lines.  The  presence  of  cat 
K  in  primary  CaP  may  promote  the  process  of  dissemina¬ 
tion,  whereas  in  osseous  metastases,  which  exhibit  higher 
levels  of  markers  of  bone  formation  and  resorption,  cat  K  is 
most  likely  involved  in  degradation  of  the  extracellular 
matrix.  This  process  may  not  only  provide  sites  for  CaP  cell 
anchorage,  but  also  cause  the  release  of  growth  factors 
essential  for  tumor  growth.  Inhibition  of  cat  K  activity  in 
vivo  using  xenograft  models  may  permit  a  more  precise 
definition  of  the  role  of  CaP-expressed  cat  K  and  yield 
insight  regarding  novel  therapeutic  strategies. 
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MicroAbstract 


New  well-characterized  pre-clinical  models  of  prostate  cancer  (CaP)  bone  metastases  are  needed 
to  further  understanding  of  the  development  of  CaP-related  bone  disease  in  patients.  Here  we 
describe  characterization  of  a  model  consisting  of  direct  injection  of  C4-2  cells  into  tibiae. 

Abstract 

Introduction: 

Prostate  cancer  (CaP)  has  a  high  proclivity  to  metastasize  to  bone.  Development  and 
characterization  of  pre-clinical  models  of  CaP  bone  metastases  are  of  high  interest.  The  objective 
of  this  study  was  to  characterize  C4-2  bone  metastases  and  their  response  to  castration. 

Materials  and  Methods: 

Cell  suspensions  of  C4-2,  a  subline  of  LNCaP,  were  injected  directly  into  the  tibiae  of  intact 
male  mice.  In  groups  A  (n=7)  and  B  (n=5),  animals  were  sacrificed  3  and  8  weeks  after  injection 
of  C4-2  cells,  respectively.  In  group  C  (n=7),  animals  were  castrated  3  weeks  after  injection,  and 
sacrificed  5  weeks  after  castration.  Serum  PSA  levels  and  bone  mineral  density  (BMD)  were 
measured,  and  bone  histomorphometric  analysis  was  performed. 

Results: 

C4-2  cells  decreased  BMD  of  the  injected  tibiae  by  36.1%  and  bone  volume  by  74.1%  vs.  normal 
tibiae.  Castration  caused  a  32.3%  drop  in  serum  PSA  (p=0.0438),  with  a  nadir  at  day  14,  after 
which  it  began  to  rise  again.  Bone  destruction  in  the  tumorous  tibiae  of  castrated  animals  was 
decreased  by  15.9%  vs.  tumorous  tibiae  of  intact  animals  (p=0.0392).  However,  BMD  in  the 
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tumorous  tibiae  of  castrated  mice  was  still  lower  than  in  normal  tibiae  of  intact  animals. 
Castration  also  decreased  BMD  and  bone  volume  in  non-tumorous  tibiae  (p=0.0406,  0.0232, 
respectively). 

Conclusions: 

The  C4-2  model  of  bone  metastasis  recapitulates  the  response  to  androgen  deprivation  observed 
in  CaP  patients  with  bone  metastases,  and  is  suitable  for  study  of  interactions  between  tumor  and 
bone  cells  and  evaluation  of  new  therapeutic  modalities. 


Key  words 

Prostatic  neoplasm;  bone;  metastasis;  models,  animal;  prostate  specific  antigen 
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Introduction 


In  2002,  approximately  189,000  men  in  the  United  States  will  be  diagnosed  with  prostate  cancer 
(CaP)  and  nearly  30,200  will  die  from  this  disease(1).  Even  after  primary  therapy  for  localized 
cancer,  such  as  radical  prostatectomy,  15-30%  of  men  will  relapse  with  progressive  disease  that 
frequently  results  in  bone  metastases(2).  The  first  line  of  treatment  for  recurrent  prostate  cancer  is 
androgen  ablation  either  by  bilateral  orchiectomy  or  by  chemical  castration(3).  Unfortunately, 
virtually  all  recurrent  tumors  eventually  stop  responding  to  hormonal  ablation,  when  upon  the 
disease  progresses  to  clinically  significant  bone  metastases(3).  CaP  bone  metastases  cause 
osteoblastic  and  mixed  responses  in  the  bone  in  a  high  percentage  of  patients(4'6).  The  underlying 
mechanisms  of  CaP  metastasis,  the  molecular  aspects  of  the  development  of  androgen 
independence,  and  the  interactions  between  CaP  cells  and  their  surrounding  stromal  cells  in  the 
bone  marrow  have  not  yet  been  evaluated.  Our  understanding  of  processes  associated  with  CaP 
bone  metastases  is  limited  in  part  because  of  the  paucity  of  animal  models  that  effectively  mimic 
the  human  situation.  Wang  and  Steams(7)  developed  PC-3  prostate  cancer  sublines  which 
metastasized  to  bone,  and  Shevrin  et  al.(8,9)  established  two  sublines  of  the  PC-3  cells  that 
colonized  bone.  Thalmann  et  al.(4)  established  a  CaP  animal  model  with  close  similarity  to  CaP 
in  humans.  They  used  the  androgen-dependent,  Prostate  Specific  Antigen  (PSA)-producing  CaP 
cell  line  LNCaP  to  derive  androgen-independent  cell  lines  C4-2  and  C4-2B  by  co-injection  of 
LNCaP  cells  and  human  bone  marrow  stroma  fibroblasts.  These  cells  metastasize  to  murine 
bone,  although  at  low  frequency.  However,  these  and  other  human  CaP  metastatic  models^10,1  ^ 
have  critical  limitations.  For  example,  the  C4-2  human  CaP  models(4,5)  are  limited  by  the  long 
time  frame  between  injection  of  the  cancer  cells  and  the  appearance  of  detectable  osseous 
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metastases.  PC-3  cells  and  its  sublines  result  in  osteolytic  bone  lesions,  and  do  not  produce  PSA, 
a  marker  of  prostate  epithelial  cells(12).  To  circumvent  the  low  rate  of  spontaneous  metastasis  of 
CaP  cells  in  animal  models,  we  and  other  have  used  direct  injection  of  CaP  cells  into  boneT6,12’13). 

Herein  we  report  on  characterization  of  a  C4-2  model  of  bone  metastasis  and  its  response  to 
castration.  C4-2  cells  were  directly  injected  into  tibiae  of  intact  male  SCID  mice.  Tumor  growth 
was  monitored,  and  changes  in  bone  mineral  density  and  various  bone  parameters  were 
determined.  We  also  studied  the  effects  of  castration  on  C4-2  bone  metastases,  bone  mineral 
density,  and  various  bone  parameters  to  describe  the  consequences  of  androgen  suppression  in 
tumorous  and  normal  bone. 

Materials  and  Methods 

Cell  Line 

C4-2  is  a  CaP  cell  line  derived  from  LNCaP  cells(4)  which  grows  in  the  absence  of  androgens,  yet 
responds  to  manipulation  of  androgen  levels.  Thus  it  is  both  “androgen  independent”  and 
“androgen  sensitive”.  C4-2  was  purchased  from  Urocore  (Oklahoma  City,  OK)  and  maintained 
in  RPMI-1640  medium  (BioWhittaker,  Inc.,  Walkersville,  MD)  supplemented  with  10%  fetal 
bovine  serum  (Intergen,  Purchase,  NY)  and  2  mM  L-glutamine,  under  standard  culture 
conditions. 

Animal  Study 

All  procedures  were  performed  in  compliance  with  the  University  of  Washington  Institutional 
Animal  Care  and  Use  Committee  and  NIH  guidelines.  We  used  four-  to  six-week  old  male  Fox 
Chase  SCID  mice  (Charles  River,  Wilmington,  MA).  The  C4-2  cells  (100,000  cells  in  10  pi) 
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were  injected  into  the  tibiae  as  we  have  described  previously 12).  Animals  were  randomized  into 
3  groups:  group  A  (n=7)  animals  were  monitored  for  8  weeks  after  injection  of  C4-2  cells;  group 
B  (n=5),  animals  were  monitored  for  3  weeks  after  injection;  and  group  C  (n=5),  animals  were 
castrated  3  weeks  after  injection  and  monitored  for  an  additional  5  weeks.  Blood  samples  were 
drawn  weekly  starting  two  weeks  after  injection  of  C4-2  cells.  Serum  PSA  levels  were 
determined  by  the  IMx  Total  PSA  Immunoassay  (Abbott  Laboratories,  Abbott  Park,  IL).  Prior  to 
sacrifice,  the  animals  were  anaesthesized  and  a  flat  plate  radiograph  was  taken.  After  sacrifice, 
the  tumorous  and  contralateral  tibiae  were  harvested. 

Bone  Mineral  Density  (BMD) 

Bone  mineral  density  was  determined  by  Dual  X-ray  absorptiometry  of  the  tumorous  tibiae  and 
the  contralateral  tibiae  without  tumor  (group  A:  n=7,  group  B:  n=5,  and  group  C:  n=5).  An 
Eclipse  peripheral  Dexa  Scanner  (Norland,  Ft.  Atkinson,  WI)  equipped  with  the  company’s 
research  software  was  used.  The  measurement  was  performed  on  a  2.5  mm  x  2.5  mm  area  at  the 
injection  site  of  the  tumor  cells.  The  bones  were  scanned  at  2  mm/s  with  a  resolution  of  0.1  mm 
x  0.1  mm.  The  coefficient  of  variation  (short-term  BMD)  was  less  than  3%. 

Bone  Histomorphometry  (BHM) 

Tumorous  tibiae  and  contralateral  non-tumorous  tibiae  from  group  A  (n=5),  group  B  (n=5),  and 
group  C  (n=5)  were  embedded  in  methacrylate.  Histomorphometry  analysis  was  performed  by 
Skeletech,  Inc.  6-pm  sections  of  calcified  tibiae  stained  with  Goldner’s  procedures(14)  were  used 
for  analysis.  Analysis  was  performed  on  a  region  adjacent  to  the  growth  plate  (0.525-1.225  mm 
below  the  growth  plate)  using  the  Osteomeasure  bone  analysis  program  (Osteometries,  Inc., 
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Decatur,  GA).  The  percentages  of  bone  volume  and  tumor  volume  in  the  tissue  volume 
(%BV/TV  and  %TuV/TV  respectively)  were  calculated.  The  trabecular  thickness  in  pm  (Tb.Th), 
the  trabecular  number  per  mm  (Tb.N),  the  trabecular  separation  in  pm  (Tb.Sp),  the  ratio  of 
osteoblast  surface  to  bone  surface  as  a  percentage  (Ob.S/BS),  and  the  ratio  of  osteoclast  surface 
to  bone  surface  as  a  percentage  (Oc.S/BS)  were  also  determined.  Osteoclasts  were  visualized  by 
staining  for  TRAP  activity  using  a  leukocyte  acid  phosphatase  kit  (Sigma  Chemical  Company, 
St.  Louis,  MO). 

Statistical  Analysis 

Prism  GraphPad  3.0  software  (GraphPad  Software,  San  Diego,  CA)  was  used  to  perform 
statistical  analyses.  The  significance  of  differences  in  BMD  values  and  bone  histomorphometry 
parameters  was  tested  using  paired  and  unpaired  Student’s  t-tests  as  appropriate.  The 
significance  of  differences  in  the  serum  PSA  levels  was  tested  using  one-way  ANOVA.  The 
statistical  significance  level  used  was  p<0.05 


Detection  of  Androgen  Receptor(AR)  > 

RT-PCR  was  performed  to  confirm  expression  of  AR  in  C4-2  cells  used  for  these  experiments. 
RNA  was  extracted  using  STAT  60  (Tel-test,  Inc.,  Friendswood,  TX)  as  recommended  by  the 
manufacturer  and  1  pg  of  total  RNA  was  reverse  transcribed  using  the  lst-Strand™  cDNA 
synthesis  kit  (Clontech,  Palo  Alto,  CA).  PCR  was  performed  using  2  pi  of  cDNA  and  primers 
AR5:  TGA  GTA  CCG  CAT  GCA  CAA  GTC  C,  and  AR  3:  CCT  GGC  TTC  CGC  AAC  TTA 
CAC  using  a  two-step  procedure  with  the  following  conditions:  3  min  at  80°C  for  1  cycle,  5  sec 
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at  95°C,  1  min  at  65°C  for  30  cycles,  and  7  min  at  72°C  for  1  cycle.  Immunohistochemistry  was 
used  to  detect  AR  protein.  Immunohistochemical  staining  was  performed  on  5-pm  sections  using 
standard  immunoperoxidase  staining  techniques  on  paraffin-embedded  sections  with  an  anti¬ 
human  androgen  receptor  monoclonal  antibody  (F39.4.1,  BioGenex,  San  Ramon,  CA,  1:50,  1 
hour  at  room  temperature,  standard  antigen  retrieval  in  10  mM  citrate  buffer,  pH=6).  Negative 
controls  were  run  under  the  same  conditions  except  that  primary  antibodies  were  replaced  with 
MOPC-21  (an  unrelated  IgGi  monoclonal  antibody),  at  the  same  concentration. 
Immunoreactivity  was  detected  using  biotinylated  anti-mouse  antibodies  and  an  ABC  kit  (Vector 
Laboratories,  Burlingame,  CA),  with  DAB  as  substrate. 


Results 

The  take  rate  of  C4-2  cells  injected  into  the  proximal  end  of  the  tibiae  was  100%  in  all  groups 
(group  A:  7/7;  group  B:  5/5;  group  C:  5/5).  Representative  examples  of  radiographs  and 
histology  of  tumorous  tibiae  are  shown  in  Figure  1  and  2,  respectively.  We  first  confirmed 
expression  of  the  AR  message  and  protein.  We  detected  AR  messages  in  C4-2  cells  grown  in 
vitro  and  AR  protein  was  detected  by  immunohistochemistry  in  C4-2  subcutaneous  tumors  as 
well  as  in  C4-2  tumors  grown  in  tibiae  (Figure  3A).  Serum  PSA  levels  showed  no  statistically 
significant  differences  among  the  3  groups  during  the  first  3  weeks  (at  day  14:  p=0.4239;  at  day 
21:  p=0.5374;  one-way  ANOVA).  Serum  PSA  levels  3  weeks  after  injection  of  C4-2  cells  were 
8.02  ±  1 .67  ng/ml.  PSA  levels  rose  thereafter  in  group  A,  intact  animals,  until  sacrifice  (Figure  3 
B).  Animals  in  group  B  were  sacrificed  at  3  weeks  to  obtain  control  values  of  tumor  and  bone 
parameters  before  castration.  PSA  serum  levels  in  group  C  decreased  after  castration,  reaching  a 
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nadir  2  weeks  post-castration  (35  days  after  injection  of  C4-2  cells).  The  levels  declined  to 
67.7%  of  the  serum  levels  measured  at  the  time  of  the  castration  (p=0.0438;  paired  t-test).  Serum 
PSA  levels  were  significantly  lower  in  group  C  than  in  group  A  between  day  28  and  day  49  (day 
28:  p=  0.0306;  day  35:  p=0.0074;  day  42:  p=0.0037;  day  49:  p=0.0140;  unpaired  t-test).  As  seen 
in  prostate  cancer  patients  at  the  hormone-refractory  stage,  serum  PSA  levels  began  to  rise  again 
in  group  C  at  day  56  until  significant  differences  between  intact  (group  A)  and  castrated  (group 
C)  animals  were  no  longer  seen  (p=0.3023;  unpaired  t-test). 

Bone  Mineral  Density 

Changes  in  bone  mineral  density  (BMD)  of  tibiae  of  animals  with  C4-2  cells  in  the  bone  and 
representative  scans  of  tibiae  are  presented  in  Figure  4.  C4-2  cells  present  in  tibiae  for  3  weeks 
(group  B)  decreased  BMD  vs.  non-tumorous  tibiae  (NT)  in  group  B  by  15.1%,  but  these  changes 
did  not  reach  significance  (p=0.1 100).  Tumorous  tibiae  (TT)  of  animals  in  group  A  exhibited 
36.1%  lower  BMD  vs.  NT  of  animals  in  group  A  (p=0.0005)  and  28.4%  lower  BMD  vs.  TT  in 
group  B  (p=0.0005).  BMD  of  NT  in  groups  A  and  B  was  not  different  (p=0.8531),  indicating 
that  the  bone  was  fully  developed  when  castration  was  performed.  BMD  in  TT  of  group  C 
(castrated  animals)  measured  at  the  end  of  the  experiment  (8  weeks)  was  15.9%  higher  than  in 
TT  of  group  A  (intact  animals;  p=0.0392).  However  there  was  a  9.6%  decrease  in  BMD  in  NT  in 
castrated  mice  (group  C)  vs.  NT  of  intact  animals  (group  A,  p=0.0406). 

Bone  Histomorphometry 

Bone  histomorphometry  results  are  summarized  in  Table  1.  The  analysis  of  the  bone  response  to 
prostate  tumor  cells  and  androgen  ablation  did  not  include  the  growth  plate,  where  the  bone 
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remodelling  could  have  been  affected  by  the  injection  (mechanical  injury).  Since  the  area 
proximal  to  the  growth  plate  was  not  included  in  the  analysis,  we  believe  that  the  changes  in 
bone  parameters  after  injection  of  C4-2  prostate  cancer  cells  reported  are  not  attributable  to  the 
injection  but  to  the  tumor  growth  and  factors  expressed  by  C4-2  prostate  cancer  tumor  cells; 
however,  we  plan  to  include  a  sham-injection  control  group  in  future  studies.  In  this  work  the 
contralateral  tibiae  that  were  not  injected  were  used  as  control  samples.  C4-2  cells  filled  ~54%  of 
TV  of  the  evaluated  area  by  3  weeks  after  injection,  with  a  further  increase  in  %TuV/TV  by 
week  8.  Castration  significantly  hindered  tumor  growth;  there  were  no  significant  increases  in 
%TuV/TV  between  groups  B  and  C  (p=0.4322;  unpaired  t-test),  and  %TuV/TV  was  significantly 
lower  in  group  C  vs.  group  A  (p=0.0094).  At  3  weeks  after  injection  of  C4-2  cells  into  tibiae, 
when  %TuV/Tv  was  already  -54%,  we  detected  no  significant  changes  in  %BV/TV,  Tb.Th, 
Tb.Sp,  or  Tb.N.  in  TT  vs.  NT.  However,  the  Ob.S/BS  and  OcS/Bs  were  already  increased.  When 
C4-2  cells  were  present  in  the  bone  environment  for  8  weeks  (group  A),  they  caused  significant 
decreases  in  %BV/TV  (p=0.0129)  and  trabecular  number  (p=0.0042),  but  not  trabecular 
thickness  (p=0.2702).  C4-2  cells  in  the  bone  environment  significantly  increased  Ob.S/BS  and 
Oc.S/BS  (p=0.0370  and  p=0.0234  respectively),  suggesting  stimulation  of  bone  remodelling.  No 
differences  were  seen  between  the  NT  of  untreated  animals  after  3  and  8  weeks  (p=0.7898; 
unpaired  t-test).  Castration  abolished  loss  of  %BV/TV  caused  by  C4-2  cells  in  3  out  of  5 
animals.  We  detected  no  significant  differences  in  %BV/TV  between  TT  of  these  3  animals  and 
NT  in  group  A  or  group  B  (p=0.8013  and  0.9964,  respectively).  %BV/TV  of  the  3  animals  was 
higher  than  in  TT  of  intact  animals  in  group  A  (p=0.0026).  Moreover,  as  in  the  human  situation, 
androgen  ablation  decreased  %BV/TV  in  the  NT  vs.  NT  of  intact  mice  by  48.7%  (p=0.0232).  We 
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performed  analysis  of  correlations  between  serum  PSA  levels  and  the  BMD,  %TuV/TV,  and 
other  parameters  measured  by  histomorphometry,  and  detected  no  significant  correlations. 

Discussion 

Advanced  CaP  patients  with  lymph-node  and  bone  metastases  are  treated  with  androgen 
suppression  induced  by  either  surgical  or  pharmacological  castration,  but  in  the  end  stage  of  the 
disease,  patients  almost  invariably  develop  hormone-refractory  CaP.  The  phenotypic  changes  in 
the  cancer  cells  accompanying  the  development  of  androgen  independence  and  the  effects  of 
these  changes  on  their  interactions  with  the  bone  environment  are  not  well  understood.  Insight 
into  these  processes  could  help  to  identify  key  factors  and  “pressure  points”  for  therapy.  Animal 
models  that  mimic  the  human  disease  are  critical  for  elucidation  of  the  alterations  in  both  tumor 
and  bone  cells  and  evaluation  of  new  therapeutics. 

Herein  we  describe  the  use  of  the  C4-2  CaP  cell  line  in  direct  intra-tibial  injections  to  study  the 
responses  of  CaP  cells  to  androgen  ablation  and  examine  the  effects  on  interactions  of  CaP  and 
bone  cells.  CaP-osseous  models  employing  direct  injection  that  have  been  characterized  to  date 
have  various  limitations:  androgen-dependent  LAPC9  and  LuCaP  23.1,  which  result  in 
osteoblastic  lesions,  do  not  grow  in  vitro;  androgen-sensitive  LNCaP,  which  results  in  mixed 
lesions,  has  a  low  take  rate  and  a  rather  slow  growth  rate  in  the  tibiae;  and  androgen-insensitive 
PC-3  cells,  which  do  not  express  PSA,  result  in  osteolytic  lesions.  The  use  of  C4-2  cells 
addresses  some  of  these  limitations,  since  C4-2  cells  express  PSA  and  the  androgen  receptor, 
grow  in  the  absence  of  androgens  but  still  respond  to  androgens,  and  also  grow  in  vitro  and  are 
therefore  susceptible  to  genetic  manipulations.  There  are  therefore  several  aspects  of  the  C4-2 
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model  which  successfully  mimic  characteristics  of  human  tumors.  However,  our  detailed  bone 
histomorphometric  analysis  of  C4-2  bone  metastases  clearly  shows  that  C4-2  cells  result  in 
overall  decreases  in  bone  volume  and  bone  mineral  density,  and  therefore  do  not  yield 
predominantly  osteoblastic  reaction  in  bone,  as  observed  in  -90%  of  CaP  patients.  Nevertheless, 
C4-2  cells  stimulated  bone  remodeling,  as  demonstrated  by  increased  numbers  of  both 
osteoblasts  and  osteoclasts.  Thus  the  most  accurate  description  of  C4-2  bone  metastases  is  that 
they  are  mixed  lesions,  with  net  decrease  in  bone  mineral  density  and  bone  volume.  Our 
evaluation  of  human  bone  metastases  has  shown  that  both  mixed  and  lytic  lesions  are  also 
present  in  CaP  patients,  including  those  exhibiting  overall  blastic  character^ 5). 

C4-2  cells  exhibited  a  high  take  rate  (100%)  and  a  consistent  growth  rate  in  the  intra-tibial 
injections.  C4-2  tumors  were  detectable  after  3  weeks  in  all  animals  by  serum  PSA  levels,  and  at 
that  time  %TuV/TV  was  -54%  as  determined  by  histomorphometry  analysis.  Interestingly,  when 
we  examined  effects  of  C4-2  cells  on  bone  at  an  early  time  point,  3  weeks  after  injection  of  C4-2 
cells,  we  detected  a  decrease  of  only  -10%  in  BMD,  which  did  not  reach  significance,  and  there 
were  no  significant  changes  in  %BV/TV.  We  hypothesize  that  large  numbers  of  tumor  cells  are 
required  to  dysregulate  the  bone-remodelling  equilibrium  or  that  the  perturbations  require  more 
time  to  be  observable.  Longer  exposure  of  bone  to  the  C4-2  cells  and  increased  %TuV/TV 
resulted  in  a  significant  decrease  in  BMD  and  in  %BV/TV.  These  results  are  in  agreement  with 
results  previously  reported  with  C4-2B  cells(l6l 

Serum  PSA  levels  rose  consistently  in  the  intact  animals  from  week  2  until  the  end  of  the 
experiment,  closely  tracking  the  tumor  volume.  Androgen  suppression  caused  a  decrease  in 
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serum  PSA  levels,  with  a  nadir  at  2  weeks  post-castration,  after  which  serum  PSA  levels  began 
to  rise  again.  This  is  similar  to  the  course  observed  in  humans  as  metastatic  prostate  cancer 
reaches  the  hormone-refractory  stage.  It  is  interesting  to  note  that  serum  PSA  levels  were  not 
significantly  different  between  intact  and  castrated  animals  at  the  end  of  the  study,  but  the 
%TuV/TV  was  significantly  lower  in  the  castrated  animals.  This  fact  may  be  explained  by 
changes  in  the  mechanisms  of  regulation  of  PSA  expression.  In  the  intact  animals  PSA  is 
regulated  by  testosterone,  as  is  growth  of  prostate  cancer  cells,  and  therefore  PSA  levels  follow 
tumor  volume.  After  androgen  ablation,  however,  when  tumors  begin  to  grow  in  an  androgen- 
independent  manner,  other  mechanisms  activate  the  androgen  receptor  and  regulate  PSA,  and 
still  other  mechanisms  may  be  involved  in  growth  regulation.  Under  these  conditions  PSA  does 
not  reliably  track  tumor  volume,  as  has  been  reported  in  clinical  situations  with  hormone- 
independent  CaP(17). 

Growth  of  C4-2  bone  metastases  was  also  inhibited  by  androgen  suppression.  We  detected 
decreased  levels  of  PSA  and  decreased  %TuV/TV  in  TT  of  castrated  animals  vs.  intact  animals. 
Moreover,  in  3  out  of  5  animals,  androgen  ablation  halted  bone  lysis  associated  with  C4-2  cells 
in  the  tibiae;  despite  the  presence  of  tumor  cells  in  the  bone,  %BV/TV  in  TT  and  NT  in  castrated 
animals  was  the  same. 

Our  results  also  demonstrated  that  androgen  ablation  decreases  BMD  and  %BV/TV  in  NT.  The 
C4-2-osseous  model  therefore  mimics  the  human  situation,  in  which  an  osteoporotic  response  to 
androgen  suppression  is  seen  not  only  in  the  tumor  but  in  the  whole  skeleton*  18\  Evidently  the 
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model  can  be  used  to  study  both  the  interactions  of  CaP  cells  with  the  bone  and  the  effects  of 
androgen  suppression  on  CaP  bone  metastasis. 

In  conclusion,  we  have  established  and  characterized  the  C4-2  model  of  CaP  bone  metastasis  and 
its  response  to  androgen  ablation.  Our  results  show  that  the  C4-2-osseous  model  exhibits  many 
aspects  of  bone  metastases  of  advanced  prostate  cancer  in  patients,  although  it  does  not  possess 
the  overall  osteoblastic  character  (increase  in  bone  volume)  which  is  the  hallmark  of  CaP  bone 
metastases  in  patients  with  advanced  disease.  However,  bone  resorption  is  believed  to  be  an 
essential  component  in  the  establishment  of  bone  metastases.  Therefore,  models  demonstrating 
both  bone  resorption  and  formation  can  provide  useful  information  related  to  perturbation  of 
normal  bone  remodelling  by  CaP  bone  metastases.  This  is  the  first  detailed  characterization  of 
the  response  of  bone  to  CaP  metastases  with  mixed  blastic/lytic  character  and  the  effects  of 
androgen  ablation  on  these  metastases.  The  model  should  be  useful  in  studying  the  interactions 
between  prostate  cancer  cells  and  the  bone  environment  and  evaluating  new  therapeutic 
modalities  for  treatment  of  CaP  bone  metastases. 
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Table  1 


Tumor  volume  (TuV/TV;  %)  TT 

Trabecular  bone  volume  (BV/TV;  %)  TT 

NT 

Trabecular  number  (Tb.N;#/mm2)  TT 

NT 

Trabecular  thickness  (Tb.Th;  pm)  TT 

NT 

Trabecular  separation  (Tb.Sp;  pm)  TT 

NT 

Osteoblast  surface  (Ob.S/BS;  %)  TT 

NT 

Osteoclast  surface  (Oc.S/BS;  %)  TT 

NT 


Group  A 

Group  B 

Group  C 

83.75  ±  2.90 

53.61  ±20.83 

67.16  ±3.94 

2.69  ±  0.44 

10.40  ±1.85 

9.10  ±4.56 

9.68  ±  1.09 

6.38  ±2.24 

5.06  ±  0.47 

0.95  ±0.21 

2.89  ±  0.37 

2.57  ±1.13 

2.85  ±0.31 

2.06  ±  0.63 

1.35  ±0.10 

30.53  ±3. 11 

35.46  ±3.12 

32.63  ±  3.82 

33.94  ±1.12 

28.46  ±  2.09 

37.77  ±2.80 

1322.00  ±375.90 

344.90  ±68.41 

995.20  ±75 1.00 

325.80  ±41.75 

849.00  ±  335.20 

721.50  ±58.43 

7.84  ±  2.50 

0.12  ±0.12 

7.80  ±1.81 

2.05  ±  2.05 

10.07  ±4.17 

0.75  ±  0.34 

12.49  ±2.39 

2.73  ±  0.54 

10.06  ±  6.06 

3.72  ±0.18 

7.11  ±1.63 

3.63  ±1.66 
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Table  1:  Results  for  bone  histomorphometry  are  shown  as  mean  ±  SEM  for  group  A  (C4-2,  8 
weeks),  group  B  (C4-2,  3  weeks),  and  group  C  (C4-2,  castrated,  8  weeks).  TT  tibiae  with  tumor; 
NT  tibiae  without  tumor;  TuV  tumor  volume;  TV  tissue  volume;  BV  bone  volume;  Tb.N 
trabecular  number;  Tb.Th  trabecular  thickness;  Tb.Sp  trabecular  separation;  Ob.S  osteoblast 
surface;  BS  bone  surface;  Oc.S  osteoclast  surface. 
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Figure  1.  Radiographs  of  C4-2  Bone  Metastases. 

A:  normal  tibia;  B:  tibia  with  C4-2  tumor  3  weeks  after  injection  of  C4-2  cells;  C:  tibia  with  C4- 
2  tumor  8  weeks  after  injection  of  C4-2  cells;  D  and  E:  tibiae  with  C4-2  tumors  5  weeks  after 
castration. 

Figure  2.  Histological  Appearance  of  C4-2  Metastases. 

Calcified  tibiae  were  stained  with  Goldner’s  stain.  Normal  tibia  after  8  weeks  is  shown  in  A. 
After  3  weeks  the  tumor  starts  to  grow  in  the  bone  (B).  C4-2  cells  replace  all  bone  marrow  by 
week  8  (C)  and  cause  destruction  of  mineralized  bone.  Androgen  ablation  inhibited  bone 
destruction  in  3  animals  (D),  but  in  the  other  2  animals  (E)  the  bone  destruction  was  similar  to 
that  observed  in  intact  animals.  Mineralized  bone  is  presented  by  green  area;  tumor  cells  are 
grey. 

Figure  3. 

A.  Expression  of  Androgen  Receptor  in  C4-2  Cells. 

(A)  AR  messages  were  detected  in  C4-2  cells  grown  in  tissue  culture.  AR  protein  was  detected  in 
nuclei  of  C4-2  cells  grown  in  subcutaneous  tumors  (B)  and  C4-2  intra-tibial  tumors  (C)  by 
immunohistochemistry  as  described  in  the  Methods  section. 

B.  Serum  PSA  Levels  Post-intra-tibial  C4-2-Injections. 

The  levels  are  plotted  as  mean  ±  SEM.  Group  A:  mice  were  sacrificed  on  day  56;  group  C:  mice 
were  castrated  at  day  21  and  sacrificed  on  day  56.  Serum  PSA  levels  were  not  different  on  day 
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14,  21,  and  56,  but  differed  on  day  28,  35,  42,  and  49,  as  indicated  by  ‘a\  PSA  prostate  specific 
antigen. 

Figure  4.  Changes  in  Bone  Mineral  Density  in  C4-2  Bone  Metastases. 

Measurement  of  bone  mineral  density  (BMD)  was  performed  by  Dual  X-ray  absorptiometry.  A. 
Representative  scans  of  groups  A,  B,  and  C  are  shown.  B.  Values  are  normalized  to  group  A 
(NT)  and  are  plotted  as  mean  ±  SEM.  An  increasing  loss  of  BMD  caused  by  the  tumor  can  be 
seen  between  3  weeks  (group  B  (TT))  and  8  weeks  (group  A  (TT)).  Androgen  suppression 
prevented  extensive  bone  loss  in  the  tumor-bearing  tibiae  (group  A  (TT)  vs.  group  C  (TT)).  In 
contrast,  a  decrease  in  BMD  was  detected  in  NT  of  castrated  animals  (group  C)  vs.  NT  of  intact 
animals  (group  A).  BMD  bone  mineral  density;  TT  tibia  with  tumor;  NT  tibia  without  tumor. 

Figure  5. 

A.  %TuV/TV  in  Tibiae  with  and  without  C4-2  Bone  Metastases  in  Intact  and  Castrated 
Animals.  Tumor  volume  was  measured  on  calcified  samples  stained  by  Goldner’s  stain  using 
Osteomeasure  software  as  described  in  Methods  Section.  The  values  are  plotted  as  mean  ±  SEM. 
Castration  decreased  the  tumor  growth  (group  A  vs.  group  C),  but  did  not  entirely  prevent 
expansion  of  the  tumor  (group  B  vs.  group  C).  TuV  tumor  volume;  TV  tissue  volume. 

B.  %BV/TV  in  Tibiae  with  and  without  C4-2  Bone  Metastases  in  Intact  and  Castrated 
Animals.  Values  are  normalized  to  group  A  (NT)  and  are  plotted  as  mean  ±  SEM.  The  response 
to  the  tumor  in  intact  animals  (group  A  (TT))  was  osteolytic,  but  the  response  in  castrated 
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animals  resulted  in  a  higher  proportion  of  bone  (group  C  (TT)).  B  V  bone  volume;  TT  tibia  with 
tumor;  NT  tibia  without  tumor. 
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